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SUMMARY 
Globally, there is an increasing awareness that chronic kidney disease (CKD) is a 
significant cause of mortality in non-domestic felids, both captive and free-ranging, with a 
high incidence reported in individual species such as cheetahs, Iberian lynx, Amur 
leopards and jaguars. Although CKD has been recognised as a common disease in 
domestic cats for several decades and is estimated to affect one in three older cats, very 
little has been published on clinicopathological findings, progression, and possible 
aetiologies of CKD across all non-domestic felid species maintained in zoos, and many of 
the diagnostic, treatment and management strategies for CKD in non-domestic felids have 
been extrapolated from domestic cats, the felid species about which the most is known. 
It was hypothesised that: i) CKD is a prevalent but under-recognised disease affecting the 
population of captive non-domestic felids housed in Australian zoos, and ii) similar to the 
case with domestic cats, CKD can be due to a variety of aetiologies, some of which, if 
diagnosed and treated, could increase life expectancy. It was also hypothesised that iii) 
the haematological, serum biochemical and urinary parameters, and histopathological 
processes observed in non-domestic felids with CKD would mirror those seen in domestic 
cats, and therefore iv) benchmarks provided by the International Renal Interest Society 
(IRIS) in relation to domestic cats would be appropriate for the diagnosis and management 
of CKD in non-domestic felids.  
In the IRIS guidelines, the four stages of CKD in domestic cats are graded based on an 
assessment of: a spectrum of clinical signs associated with CKD including polydipsia, 
polyuria, inappetence and weight loss; azotaemia; and loss of urine concentrating ability 
with urine specific gravity (USG) ≥1.035 as a threshold for adequately concentrated urine. 
Adjunctive assessment of proteinuria by urinary protein to creatinine ratio (UP:C) with 
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UP:C >0.4 as a threshold for proteinuria and blood pressure measurement is also made 
for the sub-staging of CKD in domestic cats. 
There are inherent difficulties involved in conducting prospective research in non-
domestic felids, as these large carnivores are apex predators. Sample collection at a 
single time-point involves planning, time, large numbers of personnel, and full general 
anaesthesia (GA) of the felid. In rare cases zoo felids can be conditioned to tolerate 
conscious blood sample collection from a tail vein, however this is not practical or well 
tolerated for multiple or prolonged sampling requirements. Therefore, conducting research 
in non-domestic felids is often limited to the collection of samples requiring minimal 
human-felid contact, such as urine and faecal samples, or opportunistic sample collection 
while the felid is under GA for other reasons. 
Conversely, zoological institutions in Australia maintain and meticulously archive the 
clinical records of all animals in their care, and several of these institutions have been in 
continuous operation since the early 1900s. This rich trove of archived clinical and 
husbandry records, and the preserved tissue and serum banks maintained by the large 
zoological institutions in Australia represent an invaluable resource for the study of some 
of the key diseases affecting felids, such as CKD.  
Using both retrospective data from the combined felid records of ten Australian zoos 
between 1965 and 2015, and prospective monitoring of felids at Taronga Zoo, Sydney 
between 2012 and 2015, the key aims of this PhD research were to:  
1. determine the prevalence of CKD in the Australian population of non-domestic 
felids;  
2. characterise the clinical signs and progression of disease associated with CKD;  
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3. determine the longitudinal changes of the main diagnostic indicators of kidney 
function i.e. USG, serum creatinine and urea concentrations, and other 
biochemical and haematological changes seen in felids with and without CKD; 
4. assess the risk factors for CKD in non-domestic felids,  
5. describe the histological changes seen in a representative sample of kidney tissue 
specimens from felids confirmed to have died with CKD, and examine their clinical 
histories for potential causal agents of observed renal histopathological changes, 
thereby investigating possible aetiologies for CKD; and  
6. evaluate the utility of voided urine as a diagnostic tool for earlier recognition of 
CKD.  
Chapter One presents a systematic review of the literature relating to CKD in wild and 
captive felids throughout the world, and also other large captive hypercarnivores such as 
polar bears, and compares this to what is currently best practice in veterinary medicine 
for domestic cats, the felid species about which most is known for this prevalent condition.  
Chapter Two investigates the most important causes of mortality in non-domestic felids 
from the combined clinical records of 1,015 felids from ten Australian zoos in the period 
between 1965 and 2015, and demonstrates that CKD is a common condition, with an 
overall prevalence of 7–14% in the Australian population of non-domestic felids in zoos.  
Chapter Three investigates the prevalence of CKD within individual species. This is the 
first study to report the high prevalence of CKD in Bengal and Sumatran tigers, and in 
fishing cats, and confirms that cheetahs in Australia also have a very high incidence of 
CKD. This chapter describes the clinical presentation of CKD, highlighting that the 
constellation of clinical signs and disease progression in non-domestic felids displays 
some differences from that seen in domestic cats, with polydipsia, but not polyuria, and 
ataxia being common clinical signs observed in association with the onset of CKD in non-
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domestic felids. This chapter also presents the haematological, serum biochemical, and 
USG measurement changes seen in non-domestic felids as they develop CKD, and 
demonstrated that there are notable differences in these analytes compared to those seen 
in domestic cats with CKD. Hyperphosphataemia, hypercholesterolaemia, hypokalaemia, 
and hypochloraemic metabolic acidosis were seen in non-domestic felids, although they 
rarely became anaemic, while hyperproteinaemia associated with CKD was not 
attributable to hyperalbuminaemia but rather to hyperglobulinaemia.  
Chapter Four presents a multivariate analysis of risk factors associated with the 
development of CKD, identifying the intrinsic factors of species and age as significant risk 
factors. This is the first study to identify the extrinsic risk factors associated with the 
development of CKD in non-domestic felids, that included administration of first-
generation non-steroidal anti-inflammatory drugs (NSAIDs) e.g. ketoprofen, ibuprofen, 
and/or flunixin meglumine. Bacterial infections of the genitourinary tract (pyometra and 
urinary tract infections) were also significant risk factors for CKD, while intravenous (IV) 
fluid therapy during GA events had a protective effect against the risk of development of 
CKD.  
Chapter Five presents a review of the medical treatment and management strategies for 
the treatment of CKD implemented to date in Australian zoos – including IV fluid therapy, 
antibiotics, phosphate binder therapy, and historically, anabolic steroids.  
Chapter Six presents an analysis of the histopathological changes seen in a 
representative sample of kidney tissue specimens from thirty felids accessed from 
Taronga Conservation Society archives. Tubulointerstitial nephritis was reported as the 
most common form of histopathological change. This chapter also summarises the key 
findings from all available necropsy reports of felids throughout Australia to examine links 
between ante-mortem disease events and post-mortem changes, demonstrating that 
Chronic Kidney Disease  Thesis  Sydney School of Veterinary Science 
in Australian Zoo Felids  Rachel D’Arcy University of Sydney 
 
x 
pyelonephritis observed at necropsy was associated with infections of the genitourinary 
tract during life, and that ante-mortem evidence of impaired urine concentrating ability 
(USG <1.035) was associated with tubulointerstitial disease observed at necropsy.  
Chapter Seven presents a prospective study of urinalysis of urine samples collected from 
eleven felids at Taronga Zoo, Sydney over three years. This study demonstrated that 
clinically normal lions, tigers and snow leopards concentrate their urine to a very high 
degree, and that voided urine is a useful and practical diagnostic sample. The onset of 
CKD was detected in one female fishing cat by urinalysis of voided urine samples, well 
before changes in serum urea and creatinine concentrations occurred. This study also 
demonstrated that it was possible to differentiate between the presence of a bacterial 
infection of the urinary tract, and background contamination with bacteria from 
environmental sources, by visual examination of urine sediment and culture of voided 
urine.   
Chapter Eight presents a method validation study that investigated the effect of contact 
with enclosure floor surfaces on routine urinalysis variables, including specific gravity 
measurement and rapid dipstick biochemistry tests.  
Chapter Nine presents study-specific, internally generated reference intervals for three 
serum analytes (urea, creatinine, and phosphate) used in the diagnosis of CKD in three 
species of non-domestic felids, demonstrating that the reference intervals for non-
domestic felid species provided by the Species360 Zoological Information Management 
System (ZIMS) may be too broad for the timely detection of CKD in lions, tigers and 
cheetahs.  
Chapter Ten presents a synthesis of the findings from this thesis, discusses current 
recommendations for therapies and management of CKD in non-domestic felids in 
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Australian zoos, and points to future directions for continuing research in this area based 
on these findings. The limitations of the retrospective nature of the studies within this 
thesis are discussed in the context of the difficulties of performing research on large 
predatory carnivores, particularly the generation of adequate sample sizes, and the 
implications for prospective studies of non-domestic felids in Australia.  
This thesis has determined that CKD is a prevalent disease affecting non-domestic felids 
throughout zoos in Australia and is the first to report the high prevalence of CKD in species 
such as Bengal and Sumatran tigers and fishing cats. This thesis has highlighted that the 
clinical presentation and disease progression of CKD in non-domestic felids has some 
differences when compared to domestic cats, meaning the International Renal Interest 
Society (IRIS) staging guidelines for domestic cats are not directly transferrable to non-
domestic felids. This thesis presents some practical and easily applicable diagnostic 
techniques, such as regular collection of voided urine samples, to monitor and improve 
detection of this often-covert condition. This thesis contributes towards an improved 
understanding of the aetiologies of CKD in non-domestic felids, demonstrating that some 
forms of CKD are associated with treatable conditions such as infections of the 
genitourinary tract, thus informing management strategies and improving life outcomes 
for affected felids. This body of work has already supported further investigations into 
other significant diseases affecting non-domestic felids within Australian zoos, and 
provides new directions for further investigations into the significant disease condition of 
CKD.   
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Chapter 1 Literature Review 
1.1. What is a non-domestic felid? 
Non-domestic felids are members of the family Felidae which are not of the domesticated 
species, Felis catus. They include such easily recognisable species as the lion (Panthera leo), 
tiger (Panthera tigris), and cheetah (Acinonyx jubatus), but also many lesser known, smaller 
wild species such as the leopard cat (Prionailurus bengalensis), serval (Leptailurus serval), 
jaguarundi (Herpailurus yagouaroundi), fishing cat (Prionailurus viverrinus), and Asian golden 
cat (Catopuma temminckii).  
There are 38 recognised extant species of felid [1]. Extant non-domestic felids belong to two 
subfamilies, the Pantherinae and the Felinae, phylogenetically assigned to eight lineages -  
the Panthera, Caracal, Ocelot, Lynx, Bay Cat, Puma, Leopard Cat and Domestic Cat  lineages 
[2, 3]. The first felids evolved in Asia in the Oligocene approximately thirty million years ago 
[4, 5], and sixty percent of modern felid species evolved in the last three million years [4, 6]. 
Felids became widely dispersed around the world by migration across land bridges and are 
native to the continents of Africa, the Americas, Europe, and Asia. However, Australia, 
Antarctica, and the Pacific Oceanic countries have never had native felid populations [7].  Felid 
species known to have lived in Australian zoos since 1965 are listed in Table 1.1 with some 
common statistics on lifespan and body size [1, 8-10].  
Unfortunately, scientists estimate that the globe is currently in its sixth great extinction phase, 
with the extinction of species occurring at up to a thousand times the background rate [11-13]. 
Currently, 17 felid species (45% of existing species) are listed on the 2017 International Union 
for Conservation of Nature (IUCN) Red List as Endangered or Vulnerable, placing them at 
heightened risk of global extinction [10].  
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Table 1.1 Lineages, common names and characteristics of felid species known to have resided in Australian zoos 
Lineages Species Common Name 
Body weight (kg) [9] Maximum age of survival 
in captivity (years) [1,8,9] 
IUCN 
Red List Status [10] female male 
Subfamily PANTHERINAE  
Panthera Panthera tigris tiger 75 – 175 100 – 260 26 Endangered 
Panthera leo lion 120 – 180 150 – 240 27 Vulnerable 
Panthera pardus leopard 28 – 60 37 – 90 27 Vulnerable 
Panthera onca jaguar 55 – 110 28 Near threatened 
Uncia uncia snow leopard 40 – 50 21 Vulnerable 
Neofelis nebulosa clouded leopard 10 – 14 20 – 25 20 Vulnerable 
Subfamily FELINAE  
Puma Herpailurus yagouaroundi jaguarundi 4.5 5.5 15 Least concern 
Puma concolor cougar 47 58 24 Least concern 
Acinonyx jubatus cheetah 21 – 48 29 – 65 17 Vulnerable 
Caracal Caracal caracal caracal 10 13 17 Least concern 
Leptailurus serval serval 9 18 23 Least concern 
Ocelot Leopardus pardalis ocelot 9 15 15 Least concern 
Leopardus geoffroyi Geoffroy’s cat  3 4 – 7 20 Least concern 
Lynx Lynx rufus bobcat 6 – 9 9 – 12 32 Least concern 
Lynx canadensis Northern lynx 9 11 17 Least concern 
Lynx lynx Eurasian lynx 15 29 24 Least concern 
Bay cat Catopuma temminckii Asian golden cat 8 15 23 Near threatened 
Leopard cat Prionailurus bengalensis leopard cat 1.6 2.3 17 Least concern 
Prionailurus viverrinus fishing cat 8 14 17 Vulnerable 
Domestic cat Felis manul Pallas cat 3 4 11 Near threatened 
Felis chaus jungle cat 10 16 20 Least concern 
[1,8,9,10] are reference numbers, see References list. 
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Sub-species such as the South China tiger (Panthera tigris amoyensis) are considered to have 
become extinct in the wild, as has the Barbary lion (Panthera leo leo) [14], while the Persian 
leopard (Panthera pardus saxicolor), Asiatic lion (Panthera leo persica), Asiatic cheetah 
(Acinonyx jubatus venaticus), and Iberian lynx (Lynx pardinus) exist only in small isolated 
pockets, with few remaining individuals [10, 15-17]. For Sumatran (Panthera tigris sumatrae) 
and Amur (Panthera tigris altaica) tigers, cheetahs, and snow leopards, captive populations 
are an insurance policy against extinction and are reservoirs of a significant proportion of 
surviving individuals. Cheetah populations in captivity are not considered self-sustaining [1] 
because, until 2015, the number of cheetahs dying in captivity exceeded the number being 
born [18].  
Many non-domestic felids, like other apex predators, are facing decline in the populations and 
potential extinction in the wild.  Competition for resources and conflict with humans, resulting 
in poaching, loss of habitat, insufficient prey, and reduction of viable population size all 
contribute to population decline [19-22]. Additionally, while infectious disease is a known driver 
of small-scale, local fluctuations and decline in wild populations [23], any disease affecting 
captive populations of endangered or vulnerable felids during their reproductive years could 
have significant impacts on the viability of the whole species [23, 24]. 
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1.2. Causes of mortality in wild felids 
Arguably, wild and captive felid populations face entirely different threats to survival. In the 
wild, the highest mortality rates are seen in the period prior to attaining independence from 
the dam. Common causes of death in young felids are neonatal mortality due to starvation 
and abandonment, and predation by other felids [1, 8]. In wild adult animals, infectious 
diseases and deleterious felid-human interactions (e.g. being killed in defence of human life 
and livestock, hunting and poaching, habitat loss and prey depletion leading to starvation, 
vehicular collisions and dog attacks) are significant causes of mortality [19-22]. Intraspecific 
aggression has also been reported as a notable cause of mortality [25-27], and is commonly 
documented in felid clinical records in the zoo setting, but any wounds inflicted are usually 
repaired and infection promptly controlled, and thus the resultant injuries or septicaemia are 
less common as a cause of death in captive felids.  
1.3. Prevalence of kidney disease in wild felids 
In wild felids, chronic kidney disease (CKD) has been infrequently documented as a cause of 
mortality, possibly because wild felids rarely live to the advanced ages which their captive 
counterparts often attain. To date, only three wild felid species have had kidney disease as a 
cause of death systematically documented. Renal amyloidosis was documented in captive, 
and one free-ranging, black-footed cats (Felis nigripes) [28]; membranous glomerulopathy 
was documented in Iberian lynx [29]; and glomerulosclerosis and renal amyloidosis were 
documented in wild and captive populations of cheetahs [30, 31]. For wild Iberian lynx, death 
due to kidney disease was insignificant compared to other causes such as infectious disease, 
poaching, or vehicular collisions [32]  Death due to kidney disease has not been reported in 
other species such as wild Florida panthers (Puma concolor coryi) [25] or ocelots [26].  
Diminution to small population numbers has caused both the Iberian lynx and cheetah 
populations to suffer from a loss of genetic diversity [33-37]. The Iberian lynx is the most 
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endangered felid species in the world, with an estimated population of approximately 400 
individuals in several isolated regions of southern Spain [38]. The glomerulopathy observed 
in Iberian lynx was demonstrated by immunohistochemistry to be immune-mediated [29], 
hypothesised to be worsened by loss of genetic diversity and allele dropout [34]. Cheetahs 
suffered a genetic ‘bottleneck’ approximately 10,000 years ago and have profound genetic 
homogeneity [39-41]. Reduced genetic heterozygosity has been associated with decreased 
reproductive fitness and increased mortality in felids generally [30, 36, 42, 43], and increased 
genetic uniformity may have an impact on the prevalence of glomerular disease, as has been 
seen in other species [44, 45]. 
1.4. Causes of mortality in captive felids 
A different constellation of disease patterns and causes of mortality is observed in zoo 
animals. In contrast to wild felids, captive felids live longer in an extremely controlled 
environment where many of the threats faced in the wild have been eliminated [46]. A Taronga 
Conservation Society report [47] describes the situation eloquently:  
“Just as in the wild, the full circle of life is played out in zoos. However, in general, zoo animals 
live longer than their wild counterparts due to the dedication of their carers, round the clock 
medical treatment, high quality, specialised diets and they do not suffer the same pressures 
from disease, predators and loss of habitat.”  
Similarly to wild felids, the neonatal period is a particularly vulnerable time for captive-bred 
felids. A major cause of death in captive felids is neonatal mortality due to mismothering 
(trauma, infanticide, abandonment, or stillbirth) and respiratory diseases such as pneumonia 
[19, 48-51], with neonatal mortality rates reported in the range of 37–57% of all felid births [27, 
49-52]. 
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Historically, an additional problem facing neonatal captive-born felids was the deleterious 
effect of reduced genetic heterogeneity due to inbreeding, leading to congenital defects [27].  
At Edinburgh Zoo, thirteen cases of congenital defects resulting in death occurred in litters 
from a pair of Asiatic lions (Panthera leo persicus), and a pair of Bengal tigers (Panthera tigris 
tigris) [51]. At San Diego Zoo, four African lions in one litter had cleft palates [49]. Congenital 
ocular coloboma has been reported in captive-bred snow leopards [53]. In Australia, 
congenital vestibular disease in Sumatran tiger cubs, due to a profound founder effect, has 
been documented [54, 55], and it was calculated in 1986 that the entire global captive zoo 
population of Sumatran tigers was founded on 17 individuals [56].  
1.5. Prevalence of kidney disease in captive felids 
Congenital kidney diseases are uncommon in domestic cats [57-59], with the exception of 
autosomal dominant polycystic kidney disease [60, 61], a condition described in long-haired 
breeds including Persian and Scottish fold cats [60, 62, 63]. Congenital problems produce 
overt disease from early in life and affected felids generally have severely reduced life 
expectancy. Congenital diseases affecting the kidneys are rare in zoo felids, occurring only in 
individual case studies when reported [49, 64]. Inbreeding was a factor implicated in the early 
onset of renal failure seen in five of nine cubs across three litters born to a closely related pair 
of Siberian (Amur) tigers at San Diego Zoo. The age at death ranged from 16 days to 15 
months, with associated glomerulonephritis, metastatic calcification and uraemia. This is an 
example where loss of genetic diversity and a high inbreeding coefficient was demonstrably 
associated with kidney disease [49]. However, for zoo-born felids which survive to maturity, 
their adult lives are generally free from infectious disease and they are not subject to 
deleterious human interactions. 
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A review of retrospective studies into all causes of mortality in zoo felids does not tend to 
highlight CKD as a major cause of death (Table 1.2). Griner [49] reported causes of death 
from 172 necropsies performed at San Diego Zoo from 1964 to 1978 across 22 felid species, 
with kidney disease only reported sporadically in individuals of different species. Pugh and 
Longley [51] reported the causes of death of all animals at Edinburgh Zoo, including 
carnivores, in a 60-year period from 1947 to 2007. Their Felidae sample size was large 
(n=130), and cheetahs were the only felid species specifically mentioned in association with 
renal disease. A study at Everland Zoological Gardens in Korea [50] showed that respiratory 
and digestive system diseases were common causes of mortality in neonates. Renal disease 
was not listed as its own differentiating category, although 8/49 adult felids died of ‘other 
causes’, a mixed category which may have included cases of CKD. Owston [65] surveyed the 
felid population of Knoxville Zoo from 1979 to 2003 and found 103 felid records, of which 47 
included necropsy reports. The study found that 26 felids had neoplasia as a significant co-
morbidity or cause of mortality, but kidney disease did not warrant mention as a category in 
that study. In this heterogeneous set of studies into all causes of mortality in zoo felids, CKD 
is infrequently cited as a primary cause of mortality. 
Of all felids maintained in captivity, cheetahs are the predominant species in which kidney 
disease is reported as a significant cause of mortality, predominantly due to 
glomerulosclerosis and renal AA amyloidosis [66-68].  Chronic renal disease has been newly 
reported as a common cause for death or euthanasia in geriatric animals of the subspecies, 
Amur leopard (Panthera pardus orientalis) [52]. 
Recently, Newkirk et al. [69] focused specifically on the renal lesions of non-domestic felids. 
The kidney tissues of 70 necropsied felids over a 30-year period (1978–2008) were 
histologically reviewed, regardless of cause of death. While renal disease was evident in 79% 
(55/70) of cases, only 11/70 felids had their cause of death or euthanasia attributed to CKD. 
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This difference highlights the potentially occult nature of kidney disease. Similarly, a 
histopathological review of 38 felids (18 tigers, 8 leopards, 7 lions, 3 cheetahs, and 2 cougars) 
from eight German zoos submitted for necropsy found that renal lesions were the most 
prevalent disease type, affecting 87% of all felids [70]. 
Table 1.2 Overview of key findings from retrospective studies on the causes of 
mortality in non-domestic felids   
Authors  
(Year of Publication) 
Zoo Location 
Period 
(Number  
of years) 
Number 
of felids 
Focus area of study 
[Position in  
References list] 
Griner (1983) San Diego Zoo and  
San Diego Wild Animal 
Park 
1964 – 1978 
(14) 
172 
 felids 
Neonates and all diseases 
[49] 
Papendick, Munson, 
O’Brien and Johnson (1997) 
38 North American, South 
African  
and Namibian facilities 
1978 – 1996 
(18) 
141 
cheetahs 
AA amyloidosis in cheetahs 
[66] 
Bolton and Munson (1999) 29 North American zoos – 87 
cheetahs 
Glomerulosclerosis in 
cheetahs [67] 
Munson, Nesbit, Meltzer,  
Colly, Bolton and Kriek 
(1999) 
Faculties of Veterinary 
Science, University of 
Pretoria and MEDUNSA 
1975 – 1995 
(20) 
69 adult 
cheetahs 
Diseases of captive 
cheetahs in South Africa 
[68] 
Shin, Kwon and Kim (2002)  Everland Zoological 
Gardens, Korea 
1976 – 2001 
(25) 
154  
felids 
Respiratory diseases and 
neoplasia were common 
causes of mortality [50] 
Hope and Deem (2006) 30 American Zoo 
Association institutions 
1982 – 2002 
(20) 
172 
jaguars 
Causes of mortality in 
captive jaguars [71] 
Pugh and Longley (2007) Edinburgh Zoo 1947 – 2007 
(60) 
130 
 felids 
Carnivore necropsy review: 
- cheetahs were the only 
felid species associated 
with renal disease [51] 
Owston, Ramsay and 
Rotstein (2008) 
Knoxville Zoo 1979 – 2003 
(24) 
103  
felids 
Neoplasia [65] 
Newkirk, Newman, White, 
Rohrbach and Ramsay 
(2010) 
University of Tennessee 
Pathology Service (2 
zoological institutions) 
1978 – 2008 
(30) 
70  
felids 
Renal lesions in  
non-domestic felids [69] 
Junginger, Hansmann, 
Herder et al. (2015) 
German Zoological 
Gardens 
2004 – 2013 
(9) 
38  
felids 
Renal and neoplastic 
lesions of felids [70] 
Napier, Lind, Armstrong, 
and McAloose (2018) 
North American zoos 1992 – 2014 
(22) 
175 
Amur 
leopards 
Causes of mortality in Amur 
leopards [52] 
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Chronic kidney disease is, by its nature, a hidden disease. It is recognised in zoo medicine 
textbooks as a disease process with an insidious onset affecting older captive non-domestic 
felids throughout the world, often seen in association with other age-related, predominantly 
degenerative, conditions [72, 73]. Older animals in the zoo setting have a higher prevalence 
of multiple concurrent diseases, and so euthanasia of aged felids with multiple concurrent 
degenerative conditions (e.g. osteoarthritis) is common [49, 51, 74]. Therefore, while kidney 
disease may be a significant co-morbidity, it is not always reported as the primary cause of 
death.  
1.6. What is chronic kidney disease? 
Chronic kidney disease is a subset of kidney disease and, in domestic cats, it is defined as: 
“…structural or functional abnormalities of one or both kidneys that have been present for an 
extended period, usually 3 months or longer. CKD may be characterized by a wide spectrum 
of disease from a minor lesion in a single kidney to extensive loss of nephrons affecting both 
kidneys.” [75] 
Chronic kidney disease is considered to be a progressive and irreversible process, often with 
unknown aetiology [76-78], so the aim of diagnosis, treatment and management is always, 
where possible, to slow the progression and ameliorate the effects of the disease. 
The kidneys are vital organs involved in maintaining body health in a myriad of ways. Kidneys 
are the primary route for excretion of soluble wastes from the body, including by-products of 
protein metabolism such as creatinine and urea [79-81]. Kidneys maintain the acid/base 
balance and fluid homeostasis of the body by selective retention or excretion of electrolytes 
and water [82]. Kidneys also perform a vital role in monitoring and maintaining normal blood 
pressure [83], and they produce or modulate a variety of hormones and enzymes such as 
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erythropoietin and calcitriol [84, 85]. Kidneys receive about 25% of cardiac output, 
demonstrating their significance in maintaining homeostasis in the body [86].  
A healthy cat kidney is composed of approximately 180,000 individual filtering units known as 
nephrons [87]. From renal ablation models in domestic cats, it is demonstrated that inability to 
adequately concentrate urine manifests when approximately two-thirds of the nephron 
population is lost, and azotaemia (the build-up of nitrogenous waste products in the 
bloodstream) manifests when approximately three-quarters of the whole nephron population 
has become non-functional [78, 86, 88-90]. A decline in urine specific gravity (USG) generally 
precedes the elevation of serum creatinine and urea concentrations, so that inadequately 
concentrated urine is an earlier marker for onset of CKD [91]. 
In the early stages of kidney disease, remaining healthy nephrons compensate for the overall 
decline in glomerular  filtration rate (GFR) by increasing the single nephron glomerular filtration 
rate (snGFR) by hyperfiltration and hypertrophy of glomeruli [92], actions which in the short- 
and longer-term preserve GFR. Thus, CKD can remain an occult disease for long periods until 
a significant proportion of nephrons are permanently damaged or lost, and the consequent 
severely reduced GFR leads to excretory failure and retention of soluble waste products in the 
animal’s bloodstream, that manifests clinically as the ‘uraemic syndrome’ [93].  
1.6.1. Clinical presentation 
The domesticated species, Felis catus, has informed most of our veterinary knowledge of 
CKD. In domestic cats, the most common clinical signs of CKD are non-specific lethargy, 
weight loss of greater than three months duration (particularly due to loss of muscle mass), 
reduced appetite or anorexia, poor pelage, increased thirst or polydipsia (defined as water 
consumption >80ml/kg/day) [94-97], increased urine production (polyuria) [76, 78, 98-100], 
and abnormalities in kidney size and shape. Unlike dogs and humans with kidney disease 
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[101], vomiting is less commonly associated with CKD in cats. Anorexia is most frequently 
reported in end-stage kidney disease. Muscle weakness has also been reported and has been 
attributed to uraemic toxins [93, 102], hypokalaemia [103-105], protein energy wasting (PEW) 
syndrome and cachexia [106-109], or an inflammatory demyelinating polyneuropathy 
observed in uraemic cats [110].  
A recent study in polar bears (Ursus maritimus), another large carnivore species maintained 
in captivity, demonstrated that the clinical presentation of CKD was similar in captive polar 
bears. The most commonly reported clinical signs in captive polar bears with CKD, in 
decreasing order of prevalence were: lethargy, inappetence, polyuria (PU), polydipsia (PD), 
tachypnoea, vomiting, weight loss, and ataxia [111]. Chronic kidney disease was the most 
commonly diagnosed cause of death or euthanasia in captive polar bears in the United States, 
with an estimated prevalence of over 20%, although there is no published information on how 
comparable these results are with results from other large predatory carnivore species or 
captive felids. 
There are limited studies describing the clinical signs of CKD in captive non-domestic felids.  
Lane [112] made clinical diagnoses of renal disease based on clinical signs of depression, 
anorexia, polyuria, and polydipsia, and Wack [72] described the following clinical signs of CKD 
in zoo felids – polyuria, polydipsia, decreased appetite, weight loss, poor pelage condition, 
salivation, oral ulceration, vomiting and dehydration. 
The International Renal Interest Society (IRIS) was established in 2000 with the aim of 
developing consensus statements and recommendations for describing and treating CKD in 
domestic pets. Four stages of CKD in domestic cats have been described by IRIS (Table 1.3) 
based on clinicopathological findings and clinical signs [113].  
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Table 1.3 International Renal Interest Society (IRIS) staging guidelines for chronic 
kidney disease in domestic cats 
IRIS stage 
[113] 
Serum creatinine 
concentration 
Clinical signs  
1 <140 µmol/L 
[<1.6 mg/dL] 
Non-azotaemic.  
Some renal abnormality may be present, such as: 
• inadequate urinary concentrating ability without identifiable non-renal cause,  
• abnormal renal palpation or renal imaging findings,  
• proteinuria of renal origin,  
• abnormal renal biopsy results,  
• increasing blood creatinine concentrations in samples collected serially. 
2 140–249 µmol/L 
[1.6–2.8 mg/dL] 
Mild renal azotaemia (The lower end of the range lies within reference ranges for 
many laboratories, but the insensitivity of creatinine concentration as a screening 
test means that animals with creatinine values close to the upper reference limit 
often have excretory failure).  
Clinical signs are typically mild or absent. 
3 250–440 µmol/L 
[2.8–5.0 mg/dL] 
Moderate renal azotaemia.  
Many extrarenal systemic clinical signs may be present. 
4 >440 µmol/L 
[>5.0 mg/dL] 
Increasing risk of systemic clinical signs and uraemic crises. 
[113] is a reference number, see References list  
1.6.2. Survival times  
In domestic cats, survival times from date of diagnosis are dependent on the severity and 
stage of CKD. IRIS staging has been shown to be strongly predictive of survival times for 
domestic cats with CKD, with cats in the later stages of disease surviving for shorter periods 
than cats in the early stages of disease [114, 115]. It is accepted that cats diagnosed with 
Stage 2 or higher will progress to end-stage CKD, although the rate of progression can be 
difficult to predict, and sometimes progression appears to be step-wise. Median survival times 
for domestic cats in Stage 2 have been reported in the order of >1 to 4 years, whereas 
domestic cats in Stage 3 had reduced survival times in the order of 154 to 778 days. Domestic 
cats in Stage 4 (end-stage kidney failure) had severely reduced life expectancy, in the order 
of 3 to 103 days. The relationship between survival times and IRIS staging of CKD reported 
in seven studies of domestic cats is presented in Table 1. 
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Table 1.4 Reported median survival times in domestic cats by stage of CKD 
Authors (year of publication) IRIS STAGE 
 2 3 4 
Elliot and Barber (1998) [99] 1272 days 233 days 3 days (mean) 
Elliot, Rawlings et al. (2000) [116]  264 – 633 days  
Syme, Markwell et al. (2006) [117] 504 days 154 days 57 days 
Boyd, Langston et al. (2008) [115] 1151 days 778 days 103 days 
Pusoonthornthum et al. (2010) [118]   <14 days 
Gowan, Baral et al. (2012) [119] 1608 days   
Geddes, Elliot and Syme (2015) [120] 490 days 263 days 20 days 
 
A trend was apparent across all studies that the earlier the stage of CKD at diagnosis, the 
longer the survival time, and that cats diagnosed in late-stage kidney disease had very short 
life expectancies [99, 115, 118, 119, 121]. Domestic cats show a tendency to live with static 
disease for a variable length of time (Stages 2 and 3) and then decompensate suddenly (Stage 
4), leading to kidney failure and death.  
The IRIS staging guidelines based on serum creatinine concentration cannot be directly 
applied to non-domestic felids because the reference intervals (RI) for creatinine are species-
specific and vary considerably between species. No equivalent staging system for grading the 
severity of CKD or an estimation of survival times based on stage of disease currently exists 
for non-domestic felids. However, the trend of decreased life expectancy as creatinine 
becomes increasingly elevated is expected to hold true for all species. Earlier diagnosis and 
initiation of treatment has the potential to prolong survival times. 
1.7. Diagnosis of chronic kidney disease 
Diagnosis of CKD is based on clinical signs, blood and urine testing, and diagnostic imaging. 
The most commonly used serum analytes which provide information on kidney function as a 
proxy assessment of GFR are creatinine, urea [79], and more recently symmetric 
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dimethylarginine (SDMA) [122]. Urinalysis, including measurement of urine specific gravity 
(USG), is a compulsory part of any assessment of kidney function, because urine is the direct 
product of the kidneys and is an ideal diagnostic sample reflecting the functional state of the 
kidney [123]. 
Additionally, haematologic parameters such as red blood cell indices, e.g. packed red cell 
volume (PCV) or haematocrit (HCT), and haemoglobin (Hb) concentration, are used to assess 
anaemia associated with CKD. Reduction in erythropoietin synthesis from renal fibroblasts 
results in non-regenerative normochromic or normocytic anaemia, and also contributes to 
malaise  [75, 76, 78]. Serum electrolyte concentrations (including inorganic phosphate) 
provide additional information on common metabolic derangements associated with CKD, and 
differential white cell counts provide useful adjunctive information on potential contributing 
causes.  
1.7.1. Creatinine 
Measurement of serum creatinine concentration does not provide a direct indication of cellular 
injury within the kidney. Creatinine is a constant by-product of metabolism, produced by the 
degradation of creatine and creatine phosphate in muscle tissue. It is distributed throughout 
body water and is excreted exclusively through the kidneys by glomerular filtration without 
tubular re-uptake, and thus creatinine concentration can be used as a proxy measurement of 
GFR [124, 125]. Creatinine concentrations are affected by variables such as muscle mass, 
age, sex, diet, and liver function [125-127]. An inverse curvilinear relationship (Figure 1.1) 
between creatinine and GFR has been demonstrated in multiple species [128-130], but 
attempts to develop formulae to estimate GFR from serum creatinine, like the Cockcroft-Gault 
and Modification of Diet in Renal Disease (MDRD) equations used in humans have been 
unsuccessful in cats [130], partly due to the invasive and intensive sampling requirements that 
make some diagnostic regimes impractical and intolerable for cats. 
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Figure 1.1 Generalised depiction of the non-linear relationship between decrease in 
glomerular filtration rate (GFR) and increase in serum creatinine 
concentration.  
Image reproduced Cannon, 2016 [131] 
Creatinine is now recognised to be an insensitive and late indicator of kidney damage, often 
only becoming elevated after significant and often irreversible kidney damage has already 
occurred [132]. All common methods to assay creatinine (e.g. Jaffe reaction method, modified 
kinetic alkaline picrate assay, creatininase enzymatic assay) lack precision in the 
physiologically normal range  [124, 133-135], and because of these technical shortcomings 
and the curvilinear relationship where GFR can decrease significantly without a concomitant 
elevation in creatinine concentration (Figure 1.1), the insensitivity of serum creatinine as a 
screening tool means that animals in the earlier stages of CKD, with values close to the upper 
limit of the normal reference interval, often already have excretory failure [78]. During the early 
stages of progressive kidney disease, a recognisable trend of increasing plasma creatinine 
concentrations within the normal range has been identified [121], and it has been confirmed 
by several investigators that creatinine is a poor prognostic indicator for survival times [99, 
136]. Despite its limitations, creatinine concentration is one of the few renal-specific blood 
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tests available. Creatinine has high ‘individuality’, i.e. inter-animal variability is higher than for 
some other blood analytes such as sodium, therefore there is a recent trend for individual 
animals to have individual subject-based RI generated, so that each animal acts as its own 
comparator, by collecting multiple sequential blood samples over time [137]. As Krimer [138] 
states: “Reference values previously determined on an individual animal produce the 
narrowest reference intervals. The patients’ previous laboratory values, obtained in a state of 
health, serve as reference points for the interpretation of future laboratory test results.” 
1.7.2. Urea 
Urea is a simple molecule made up of two ammonia ions combined with carbon dioxide, and 
it is one of the body’s main mechanisms for excreting the nitrogenous waste from protein 
metabolism. In obligate carnivores like non-domestic felids, most of the energy supply comes 
from whole prey (i.e. a protein-rich, low carbohydrate diet). Accordingly, the need to excrete 
urea is high and it is the most abundant solute in urine [139-141]. It appears that highly 
concentrated urine is the consequence of hypercarnivory in all felids, as there is a constantly 
high load of excess urea to be excreted while conserving body water. In laboratory animals, 
high protein intake is associated with increased plasma urea concentrations and increased 
ADH secretion, leading to increased GFR and increased permeability of the intramedullary 
collecting duct to urea [140, 142-144].  
Urea plays a key role in the urine concentrating mechanism of the kidneys. Urea diffuses freely 
across the glomerulus and appears in the glomerular filtrate. Filtered urea is then both 
passively re-absorbed and actively transported by transporter proteins in the inner medullary 
collecting duct, contributing to the increase of the hyperosmotic gradient within the medulla 
which minimises water loss, and producing a hypertonic urinary filtrate which excretes excess 
nitrogen [139, 142, 145, 146]. The medullary osmotic gradient is also maintained by Na+ 
transport proteins in the thick ascending arms of the Loops of Henle and the specific 
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anatomical arrangements of the linearly arranged ascending and descending arms of the 
Loops of Henle, the collecting ducts, the closely apposed capillary beds of the vasa recta, and 
the protuberance of the renal crest (where the medullary osmotic gradient is most 
concentrated) into the urinary space of the renal pelvis [145-147]. However, in diseased 
kidneys the mechanisms maintaining the medullary osmotic gradient may become defective, 
resulting in sub-optimal urine concentration, even in the face of hypertrophy and hyperfiltration 
caused by ADH stimulation [140, 148]. 
As early as 1965, Hoe & O’Shea [89] demonstrated in dogs that serum urea concentrations 
and USG considered together were 90% sensitive for detecting kidney damage, as confirmed 
by histopathological examination of renal tissues. Although serum urea concentration is more 
sensitive for detecting early reduction in GFR [149], it is not considered to be as specific as 
creatinine concentration because it can be influenced by diet (e.g. high protein intake), 
catabolic processes, or haemorrhage into the gastrointestinal tract. It is used in combination 
with creatinine and SDMA as an indicator of kidney function [150]. 
1.7.3. Symmetric dimethylarginine 
Symmetric dimethylarginine (SDMA) is a relatively new serum analyte used to assess kidney 
function. The assay measures a protein degradation product excreted exclusively through the 
kidneys, and so SDMA is a proxy measure of GFR, like creatinine. SDMA is reported to be a 
more sensitive marker for renal dysfunction than creatinine in domestic cats [122, 151]. SDMA 
concentration becomes elevated when 25 to 40% of kidney function is lost, whereas blood 
levels of creatinine follow a curvilinear pattern which does not tend to increase until 
approximately 70% of kidney function is lost [152]. SDMA shows promise as a biomarker for 
earlier detection of kidney disease onset in non-domestic felids [122, 153-155]. 
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1.7.4. Urinalysis 
As kidney function declines, the kidneys filter wastes out of the bloodstream with reduced 
efficiency. This is evident as reduced solute load per volume of urine (apparent as lowered 
USG and increased urine volume), which manifests clinically as polyuria and associated 
polydipsia. Urine specific gravity (USG) is a measurement of the quantity of solutes (measured 
by mass) dissolved in urinary water, and it is thus an indirect measure of the kidney’s ability 
to eliminate soluble wastes. The solutes making up the highest proportion of dissolved matter 
in carnivore urine are urea, chloride, sulfate, phosphate (all major derivatives of protein 
metabolism), creatinine, and bicarbonate. Of these, in domestic cats, urea contributes roughly 
50%, chloride contributes 25%, sulfate and phosphate together 20 to 30%, creatinine 1 to 2%, 
and bicarbonate 0 to 0.5% of solute load by mass, with 10 to 30% of solute load contributed 
by organic compounds [156, 157]. 
Technically, USG should be measured by comparing the mass of an aliquot of pure water with 
that of an aliquot of urine, the difference in the two masses being due to the solids dissolved 
in the urine. However, directly calculating the specific gravity (SG) of urine is a laborious and 
technically demanding process. In diagnostic laboratories, USG is extrapolated from the 
refractive index of urine, because refractometry can be quickly, easily, and inexpensively 
performed using a hand-held refractometer. For close to a century, it has been well established 
that the SG of urine is linearly correlated with its refractivity, thus one can be extrapolated from 
the other [158-161].  
A recent proposition is that domestic cats may require a slightly different scale to that for 
humans and dogs, based on a re-interpretation of the results of a single study conducted in 
1965 [158]. Feline-specific refractometers, which apply a different conversion scale to the 
refractive index than that for humans and dogs, are commercially available [149, 162-164]. 
Conversion equations for application to readings from standard hand-held refractometers are 
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also available [163], however the validity of the feline-specific USG scale has recently been 
called into question [160, 161]. 
Very little information is available in the peer-reviewed literature regarding the normal USG of 
well-hydrated, clinically healthy non-domestic felids kept in zoos, and the threshold below 
which urine concentrating ability is considered sub-optimal.  Wack [72] discussed ‘normal 
USG’ as a tool for assessing renal function, but provided no specific value. A feeding trial by 
Lane [112] evaluated the effect of diet on gastritis and kidney disease in cheetahs, but 
assessed the onset of kidney disease without reference to any urine measurements. Chronic 
kidney disease was characterised in Iberian lynx and USG was used as a parameter for 
assessing kidney function and stage of CKD, setting the study’s threshold for concentrated 
urine as >1.030 [21]. Racnik et al. [165] compared the serum biochemical and urine values of 
nine wild cats with CKD, using a control group of domestic cats. USG values in the study were 
not determined by refractometer, but by an automated analyser on test strips designed for use 
in humans (Bayer Clintex 50 Urine Chemistry analyser) and so, as the authors report, the 
validity of the low threshold value (USG >1.025) is questionable. 
The International Renal Interest Society (IRIS) recommends USG ≥1.035 as the threshhold 
for adequately concentrated urine for domestic cats. The Zoological Information Management 
System [166-168] does not specify a threshold for the USG of adequately concentrated urine, 
and thus no consensus recommendation for non-domestic felids could be determined by the 
author. Chapters Three and Seven of this thesis offer suggestions to close this knowledge gap 
and determine an appropriate threshold for USG of well-concentrated urine in non-domestic 
felids, based on an assessment of fifty years of combined retrospective and prospective data 
and clinical outcomes.  
In domestic cats, a reduction in USG below the arbitrary threshold of 1.035 is the most 
common early sign before any other clinical sign of kidney disease becomes evident. Some 
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proteinuric cats can develop azotaemia before the onset of loss of urine concentrating ability, 
but cats with primary glomerular disease and highly concentrated urine are in the minority 
[169-175]. The validity of USG as a diagnostic indicator for CKD in domestic cats has been 
demonstrated, with approximately 77% of cats losing urine concentrating ability (i.e. USG 
<1.030) associated with the onset of CKD, and only 8–11% of spot samples from domestic 
cats with CKD maintained adequate urine concentrating ability [76, 99].  
Looking more widely at other large carnivore species kept by zoos, a retrospective study of 
CKD in polar bears showed that these animals presented clinical signs and blood biochemical 
and haematological derangements similar to that of felids. All eleven polar bears with 
advanced CKD in the study had inadequately concentrated urine (USG <1.020), but the only 
benchmark parameter discussed was isosthenuria (presumed to be USG 1.008 – 1.012) [111]. 
When preparing this literature review, it was frustrating that many authors were apologists for 
not collecting urine. For example, Elliot and Barber [99] collected urine via expression or 
cystocentesis from domestic cats “where possible”. It seemed to be commonplace in 
veterinary practice that blood collection, but not urine collection, is performed when assessing 
kidney function, although the lack of urinalysis greatly hinders diagnostic interpretation. All 
cats urinate daily, therefore opportunities to collect urine will always occur. Given that voided 
urine is acceptable for simple urine concentration testing, this opportunity is not used 
frequently enough. The lack of information available to zoo and wildlife veterinarians regarding 
normal USG values may explain why there appears to be insufficient use of urinalysis, 
including USG measurement, to assess ongoing kidney function in non-domestic felids. 
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 Urinary protein  
While USG is considered the primary urinary measurement of kidney function, the level of 
protein excreted in urine is considered a secondary indicator of kidney function. Measurement 
of protein in urine is recommended by IRIS in its staging criteria for diagnosis of CKD. 
Normally, circulating serum proteins cannot pass through the glomerular filtration barrier due 
to their large size and ionic charge, and very little protein appears in the urine because proteins 
in the glomerular filtrate are reabsorbed or degraded and used by renal tubular epithelial cells   
[176]. Albumin is the most abundant protein in the urine of both healthy animals and those 
with kidney disease [174].  It is well accepted in both human and veterinary medicine that high 
levels of proteinuria are correlated with poorer prognosis and accelerated progression of CKD 
[117, 136, 177], and in humans and other species, treatments which ameliorate proteinuria 
have been shown to slow the progression of CKD [178, 179], but in domestic cats, those that 
display overt proteinuria are a smaller subset within all cats that exhibit other 
clinicopathological changes associated with CKD. LaDouceur et al. [111] also reported that all 
polar bears with CKD were proteinuric on dipstick examination prior to death, but no urine from 
‘normal’ bears was available for comparison.  
In veterinary medicine, the urine protein:creatinine ratio (UP:C) is the most commonly 
accepted, standardised measure for quantification of protein excreted in urine. According to 
IRIS guidelines, the thresholds for proteinuria in domestic cats are: UP:C <0.2 is normal; UP:C 
between 0.2 to 0.4 is considered borderline proteinuria; and UP:C >0.4 represents proteinuria 
[113].  
Albumin and low levels of cauxin were the predominant proteins identified in urine from non-
domestic felid species, including an Asiatic lion, Sumatran tiger, Persian leopard, clouded 
leopard, and jaguar [180-182]. Cauxin is an enzyme, excreted in large quantities in feline urine, 
which hydrolyses the pheromone precursor felinine into the pungent compound 3-mercapto-
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3-methyl-1-butanol used in scent marking and which appears in the highest concentrations in 
the urine of non-neutered male cats [183, 184]. Six proteins were identified in the urine of one 
male Bengal tiger (Panthera tigris tigris) – albumin, cauxin, two immunoglobulin peptide 
chains, acid ceramidase (an enzyme), and transthyretin, a carrier protein [182].  
1.8. Medical management of chronic kidney disease in felids 
No empirical evidence has been published assessing the benefits of treatments such as 
dietary modification, fluid therapy, or medical treatments for CKD in non-domestic felids.  
In domestic cats, ‘renal diets’ are the single most effective therapeutic modification to increase 
survival times and quality of life for cats with CKD. Such diets reduce the number of uraemic 
episodes and delay onset of uraemia [75, 116, 185-189]. Dietary modification with 
commercially prepared ‘renal diets’ aims to provide adequate high-quality protein, increased 
B vitamins, potassium, and soluble fibre, and reduced phosphorus and sodium. Increased 
calorie density is usually achieved by the addition of fats including omega-3 essential fatty 
acids, and of antioxidants, with buffering to achieve a pH-neutral effect [116, 190, 191]. 
Few published studies directly describe the effect of dietary manipulation on kidney function 
in non-domestic felids, and their results are inconclusive as to the effect of dietary changes on 
longevity [112, 120, 190, 192]. Death due to CKD was reported in a cheetah in one study 
comparing high-protein meat-based diets to commercial dry food, which implicated the high 
protein, skeletal-meat-based diet in the progression of the disease [192]. In a four-year study 
of the effects of different diets on gastritis and renal disease (commercial diet vs. whole meat 
diet) in captive cheetahs, the key positive findings were that cheetahs readily adapted to the 
dry commercial diet and it was not detrimental to adult cheetahs, however no beneficial effect 
of the specialised ‘renal diet’ was demonstrated [112]. Supplementation with probiotics 
(beneficial bacteria) has been shown to mildly reduce creatinine concentrations, but not urea 
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concentrations, in felids [193]. Cheetahs fed muscle meat at least once per week had reduced 
odds of chronic gastritis, but this study did not analyse the effects of any diet on kidney 
changes [194].  
Similarly, intravenous fluid administration has been associated with lengthened survival times 
in domestic cats [115], however no published studies exist for non-domestic felids. In domestic 
cats, this longer survival was attributed to initial overestimation of the stage and severity of 
CKD due to prerenal azotaemia associated with dehydration, with subsequent correction of 
fluid balance using intravenous fluid then restoring serum creatinine concentrations to lower 
levels.  
Antimicrobial therapy is recommended as a treatment for CKD in non-domestic felids [72], 
because pyelonephritis is reported as a common cause of CKD in zoo felids. Oral phosphate 
binding therapy (OPBT), using drugs such as aluminium hydroxide or calcium salts, is 
recommended for management of hyperphosphataemia in domestic cats [195-198], however 
there is no published literature on the use of OPBT in non-domestic felids.  
A comprehensive investigation of the prevalence, aetiology, clinical course, and medical 
management of CKD in non-domestic felids has not yet been undertaken. Over the last twenty 
years, more information has become available on kidney disease in individual felid species 
such as the Iberian lynx, cheetah, and black-footed cat, but for most species no overall 
descriptions of prevalence, aetiologies, disease progression, or treatment options are 
available. There is an important knowledge gap in the literature on CKD in non-domestic felids 
concerning onset, clinical progression, management strategies, and aetiologies. Most of our 
knowledge of CKD comes from domestic cats, which have a high prevalence of this condition. 
The key aims of this PhD research were to: i) determine the prevalence of CKD in the 
Australian population of non-domestic felids; ii) characterise the clinical signs and progression 
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of CKD; iii) determine the longitudinal changes in the main diagnostic indicators of kidney 
function i.e. USG, serum creatinine and urea concentrations, and other biochemical and 
haematological changes seen in felids with and without CKD; iv) describe the histological 
changes seen in a representative sample of kidney tissue specimens from felids confirmed to 
have died with CKD, and examine their clinical histories for potential causal agents of the 
observed renal histopathological changes, thereby investigating possible aetiologies for CKD; 
and v) evaluate the utility of voided urine as a diagnostic tool for earlier recognition of CKD.   
By fulfilling the aims of this thesis, the author hopes to reduce these knowledge gaps and to 
provide useful and practical recommendations to improve the quality and quantity of life of 
captive non-domestic felids affected by CKD living not only in Australian zoos, but throughout 
the world.  
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Chapter 2 Prevalence and aetiologies of non-domestic felid deaths in ten 
Australian zoos from 1965 to 2015 
2.1. Introduction 
Chronic kidney disease (CKD) has been identified as a significant cause of morbidity and 
mortality in several species of captive felids [69, 70, 72]. However, to date most studies have 
focused on individual species, e.g. cheetah [68], jaguar [19], Iberian lynx [21], black-footed cat 
[28, 31, 66, 199], or Amur leopard [52] or individual diseases, e.g. glomerulosclerosis [68] or 
renal amyloidosis [29, 66, 67]. There have been no studies published to date assessing the 
whole lifespan of a wide range of felid species longitudinally, analysing life events and their 
association with causes of death or euthanasia. The emphasis of this thesis is on chronic 
kidney disease, however, to determine if CKD is a disease of significance, it must be put into 
context with all other health challenges faced by captive non-domestic felids throughout their 
lives, and therefore it was important to examine initially the population of non-domestic felids 
in Australian zoos widely enough to ensure that valid inferences could be drawn.  
The purpose of population surveys is always to detect, describe, and potentially explain the 
occurrence of a condition, in this case CKD, and to measure the prevalence of the disease in 
the target population. Only by evaluating disease at the population level and describing its 
characteristics, with a sample size large enough to correctly represent the characteristics of 
the population under the specific and relevant conditions of interest, is it possible to identify 
patterns and conduct a deeper examination of potential aetiologies, disease presentation, and 
disease progression in an identified subset of felids with CKD [200, 201]. 
The study presented in this chapter was conceived with a broad perspective of examining the 
population of captive felids maintained in ten zoos in Australia over a fifty year period to assess 
the burden of disease created by CKD relative to other diseases. It provides the foundation 
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for subsequent chapters by identifying felids with and without CKD, to investigate risk factors 
and potential underlying aetiologies of CKD, assess the utility of diagnostic measurements, 
and describe disease progression and outcomes associated with CKD.  
2.2. Materials and Methods 
2.2.1. Sample population and data collection 
Data collection occurred between 2012 and 2015, from ten Australian zoos: Taronga Zoo, 
Sydney, NSW; Taronga Western Plains Zoo, Dubbo, NSW; Werribee Open Range Zoo, 
Victoria; Melbourne Zoo, Victoria; Mogo Zoo, NSW; Dreamworld, Coomera, Queensland; 
National Zoo and Aquarium, Canberra, ACT; Perth Zoo, WA; Adelaide Zoo, SA; and Monarto 
Zoo, SA ( 
Figure 2.1). Data collection involved acquisition of all available computerised or paper-based 
clinical records (including histories, clinical examination findings, treatment records, 
anaesthetic records, relevant keeper notes, and environmental, husbandry, and dietary 
information) and laboratory reports (including haematology, serum biochemistry, serology, 
molecular tests, urinalyses, and necropsy examinations) on all species of non-domestic felid 
housed by that zoo. At Mogo Zoo, no permanent veterinary surgeon was employed at the time 
of data collection and so medical records were sourced from the clinical records system at 
Moruya Animal Hospital, NSW, which routinely provided veterinary care to animals at Mogo 
Zoo. 
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Figure 2.1 Locations of the ten Australian zoos included in this study 
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2.2.2. Data types 
 Taxon Reports 
A Taxon Report is a catalogue which can be generated for every zoo animal from the 
Zoological Information Management System (ZIMS) database (Species 360, Bloomington, 
Minneapolis, USA). For each animal, it presents the common and scientific species names; 
IUCN Red List status; ‘house name’; sex; pedigree; Global Animal Number (GAN); institutional 
Animal Record Keeping System (ARKS) number; International Studbook number; place and 
date of birth; captive or wild-born status; rearing information; microchip ID; institutional history; 
a brief résumé of veterinary and husbandry procedures; and date of death. Taxon Reports for 
each animal in this study were extracted from the ZIMS database systems maintained by each 
individual zoo, using the search range “1900 to ‘date of visit’” and the search term “Felidae”. 
This process captured a summary of every felid housed at each institution up to the time of 
data collection.  An example of a Taxon Report entry is illustrated in Figure 2.2.  
Figure 2.2 Extract from a Taxon Report for Panthera leo from Taronga Zoo, Sydney 
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A comprehensive census of all felids which have lived in Australian zoos from 1900 to the 
present was generated by tabulating the identities of all individual felid from the Taxon Reports 
of each individual zoo. Individual zoo databases were then merged, and animal data were 
cross-referenced, to remove any duplications for animals which had been transferred between 
institutions. This data-merging process created a longitudinal continuation of records for 
individual felids across the several zoos in which they had been housed throughout their 
lifetime. 
Not all felids identified in the Taxon Reports had clinicopathological or husbandry records 
available. The earliest records in the Taxon Reports identified the existence of felids in 
Australia from 1947 onwards, but archived clinical records for individual felids living before 
1965 were frequently not accessible or lacked sufficient detail for inclusion in this study. 
Therefore, felids which died prior to 1965 (n=34) were excluded from this study.  
 Clinical records 
The accessible clinical records of every felid known to have lived at any of the ten Australian 
zoos between 1st January 1965 and 31st December 2015 were manually tabulated into a 
custom-built Microsoft Access® database. A master-sheet was created, entitled ‘Individual 
Animal Records’, and additional tables were created within the database to categorise and 
summarise all available clinical records and laboratory reports.   
Details used to identify individual felids within the ‘Individual Animal Records’ table of the 
database were: ARKS number(s); international studbook number and/or GAN; ‘house name’; 
species; microchip number(s); sex; date of birth; date of death; zoo location; and date of 
transaction(s) to other institutions. Any international transactions, i.e. physical transfer of felids 
into and out of Australia, were recorded. Dam, sire, and sibling information was recorded. 
Status as ‘alive’, ‘dead’, or ‘transacted’ was assigned. The availability of serum biochemistry, 
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haematology, urinalyses, or necropsy examination reports in the clinical record was cross-
referenced as a yes/no checkbox. Every species was cross-referenced to a table for IUCN 
Red List status, which is updated and published biennially. Necropsy examination report 
numbers were recorded where available. Cause of death was briefly described and included 
primary cause of death and any significant co-morbidities.  
 General anaesthesia and treatment records 
An ‘Anaesthesia/Treatment Records’ table was created in the Microsoft Access® database 
which recorded every instance of a treatment or general anaesthetic (GA) administered to a 
felid, with a brief comment on the reason for the procedure. Every reported instance was 
documented with the felid’s ARKS number and house name, date of treatment or anaesthesia, 
bodyweight, and the treatments used.  
Administered treatments were recorded as a yes/no checkbox for the following:  
anaesthetic agents and sedatives: medetomidine, xylazine, ketamine, tiletamine/zolazepam, 
isoflurane, other gaseous anaesthetics (grouped), acepromazine, butorphanol, midazolam, 
diazepam; anaesthetic reversal agents: yohimbine or atipamezole; atropine; vaccinations; 
intravenous fluids; thiamine; antibiotics: enrofloxacin, β-lactam antibiotics (grouped), 
gentamicin, clindamycin, tetracyclines (grouped); corticosteroids (grouped); anabolic steroids 
(grouped); analgesic and anti-inflammatory agents: buprenorphine, carprofen, meloxicam, or 
other NSAID agents (grouped); angiotensin converting enzyme (ACE) inhibitors (grouped); 
oral phosphate binders; and contraceptive agents: medroxyprogesterone acetate (progestin) 
and deslorelin (gonadotrophin releasing hormone agonist). A free text space was included to 
record other miscellaneous treatments such as dietary modifications and vitamin 
supplements. No specific dose rates of any administered medications were transcribed into 
the database from an individual felid’s record.  
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In the same table, the following clinical signs were recorded as a yes/no checkbox for any date 
they were noted in the records: polydipsia; polyuria; lethargy/depression; inappetence; 
dehydration; weight loss; poor pelage; vomiting; anorexia; haematuria; pyrexia; and ataxia. 
Any documented occurrence of pyometra or urinary tract infection was also recorded as a 
yes/no checkbox in this table.  
 Clinicopathological laboratory reports 
Additional tables were created for laboratory report data: ‘Serum Biochemistry Reports’; 
‘Haematological Reports’; ‘Urinalyses’; ‘Serology’; and ‘Necropsy Examination Reports’.  
The ‘Serum Biochemistry Reports’ table reported the analytical results from every instance of 
a serum biochemistry report, with the felid’s ARKS number and house name, date of blood 
collection or sample processing (if different), and the name and report number from the 
diagnostic laboratory. A brief ‘Comments’ section for other pertinent clinical information was 
permitted. The presence of lipaemia, haemolysis, and/or icterus in the serum or plasma was 
reported respectively on a scale of 0 to 3+ for clear, mild, moderate or severe changes 
observed by the laboratory. Each data entry was cross-referenced with available urinalysis 
data, and a yes/no checkbox recorded whether USG <1.035 had been reported on that date. 
The serum biochemical variables recorded in the Serum Biochemistry Reports table are listed 
in Table 2.1. All biochemical variables were reported in Standard International (SI) units. 
Where laboratory reports presented data in units other than SI units, the data was entered into 
a separate Microsoft Excel® spreadsheet and the appropriate conversion factor applied to 
each variable, then the converted data was transcribed back into the Access database.  
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Table 2.1 Summary of all serum biochemistry variables reported for non-domestic 
felids  
Serum biochemistry variables Standard International units 
Conversion factor# 
(other units) 
Urea mmol/L 0.3570 (mg/dL) 
Creatinine µmol/L 88.40 (mg/dL) 
Total plasma protein g/L - 
Albumin g/L - 
Globulins g/L - 
Calcium mmol/L 0.2495 (mg/dL) 
Phosphate mmol/L 0.3229 (mg/dL) 
Potassium mmol/L 1.0 (mEq/L) 
Sodium mmol/L 1.0 (mEq/L) 
Chloride mmol/L 1.0 (mEq/L) 
Bicarbonate µmol/L 1.0 (mEq/L) 
Glucose mmol/L 0.0555 (mg/dL) 
Creatine kinase (CK) U/L - 
Alkaline phosphatase (ALP) U/L - 
Alanine aminotransferase (ALT) U/L - 
Aspartate aminotransferase (AST) U/L - 
Amylase U/L - 
Cholesterol mmol/L 0.02586 (mg/dL) 
Total Bilirubin µmol/L 17.1 (mg/dL) 
Serum/plasma appearance for  
lipaemia, haemolysis, and/or icterus 
0 to 3+ - 
# The conversion factors to Standard international (SI) units for respective biochemistry variables were derived from  
Latimer & Duncan [202]. 
 
The ‘Haematological Reports’ table reported every instance of a haematology report with the 
felid’s ARKS number and house name, date of blood collection or sample processing (if 
different), and the report number from the diagnostic laboratory. The haematological variables 
transcribed are presented in Table 2.2. Any description of changes in red blood cell (RBC) 
morphology were transcribed into a free text box.   
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Table 2.2 Summary of all haematology variables reported for non-domestic felids  
Red blood cell variables Standard International units 
Red blood cell (RBC) count x 1012/L 
Haemoglobin (Hb) g/L 
Haematocrit (HCT) % 
White blood cell variables absolute and [proportionate] 
Leucocyte count  x 109/L 
Neutrophils (band) x 109/L   [%] 
Neutrophils (segmented) x 109/L   [%] 
Lymphocytes x 109/L   [%] 
Monocytes x 109/L   [%] 
Eosinophils x 109/L   [%] 
Platelets (estimated) x 109/L 
Mean corpuscular volume (MCV) fL 
Mean corpuscular haemoglobin concentration (MCHC) g/L 
Mean corpuscular haemoglobin (MCH) pg 
RBC morphology  
 
The ‘Urinalyses’ table recorded every instance of a urinalysis report along with the felid’s 
ARKS number, house name, and the date of sample collection and/or processing. The sample 
collection technique (when specified) was categorised as one of four methods: cystocentesis; 
catheterisation; expressed manually; or voided and collected from an enclosure surface. Urine 
appearance was briefly described in a free text box for colour, turbidity, and visible 
components, e.g. lipid, blood, or debris. The urine specific gravity (USG) measurement was 
recorded, with inadequate urine concentrating ability defined as USG <1.035, which is 
occasionally referred to as ‘low USG’ in this thesis. Calculations of fractional excretion (FE) 
values of urinary electrolytes were transcribed where available. Quantitative urine creatinine 
and protein concentrations used for calculation of the urinary protein to creatinine ratio (UP:C) 
were transcribed, as was the UP:C value where available. The urine was defined as proteinuric 
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when UP:C >0.4. Sulfosalicylic acid1 (SSA) turbidity tests for urinary protein were recorded in 
a semi-quantitative manner, with assessment of turbidity ranked on a 6-point scale from 
negative to trace, 1+, 2+, 3+, or 4+. Microalbuminuria assay2 results, where available, were 
recorded on a semi-quantitative 4-point scale from negative to low positive, medium positive, 
or high positive. Urine biochemical reports graded the presence of analytes such as pH, 
glucose, bilirubin, ketones, urobilinogen, protein, and blood in the urine on variable scales3, 
as described in Table 2.3.  
Table 2.3 Summary of urine biochemical variables by rapid colourimetric dipstick3 
tests  
Urine analyte Scale Gradings 
Glucose 6 point scale 
negative, trace, 1+, 2+, 3+, 4+ 
(negative, 5.5, 14, 28, 55, ≥111 mmol/L) 
Bilirubin 4 point scale 
negative, 1+, 2+, 3+ 
(negative, small, moderate, large) 
Ketones 6 point scale 
negative, trace, small, moderate, large, large 
(negative, 0.5, 1.5, 4, 8, 16 mmol/L) 
Urobilinogen 4 point scale normal, 1+, 2+, 3+ 
pH 7 point scale 5.0, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5 
Blood 7 point scale 
non-haemolysed: negative, trace, moderate 
haemolysed: trace, small, moderate, large 
Protein 6 point scale 
negative, trace, 1+, 2+, 3+, 4+ 
(negative, trace, 0.3, 1, 3, ≥20 g/L) 
 
Urine sediment analysis was recorded in a free text box, summarising the results seen from 
centrifuged urine sediment specimens examined under low (10x objective magnification) and 
high (40x objective magnification) power light microscopy. Leucocyte and erythrocyte counts 
seen upon sediment analysis were reported in a semi-quantitative manner. Casts, epithelial 
                                               
1 EMD Millipore/Sigma-Aldrich, Merck KGaA, Damstadt, Germany. 
2 Heska E.R.D. HealthScreen® Feline Urine Tests, Heska Corporation, 3760 Rocky Mountain Ave, Loveland, Co, 80538, USA.  
3 Siemens Multistix® 10 SG, Siemens Healthcare Diagnostics Inc., Tarrytown, NY 10591, USA., and others 
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cells, crystals, and bacterial or fungal organisms were reported in a yes/no checkbox with no 
attempt at quantification, with a free text box available for comments and further descriptions 
of the elements visualised. Lipuria was categorised on a semi-quantitative scale from 0 to 4+. 
A yes/no checkbox recorded positive urine culture results, with a free text box summarising 
the results of bacterial culture.  
 Serological and molecular reports 
A ‘Serology’ table was created to summarise data from external diagnostic pathology 
laboratory reports, with categories for: feline immunodeficiency virus antibodies (FIV ELISA); 
feline leukaemia virus antigen (FeLV ELISA); tuberculosis status; heartworm (Dirofilaria 
immitis) status as positive or negative; haemotrophic mycoplasmas; Chlamydia felis, feline 
calicivirus, and feline herpesvirus-type 1 status as positive or negative using PCR; feline 
coronavirus antibody titre; Toxoplasma gondii antibody titre; and blood type.  
 Necropsy examination reports 
The ‘Necropsy Examination Reports’ table reported every instance of a post-mortem 
examination, both gross and histopathological, along with the date of death, Pathology Report 
Number, and the felid’s ARKS number and ‘house’ name. The cause of death was recorded, 
reporting both the primary cause of death and any co-morbidities. A free text box was used to 
transcribe summarised details from the necropsy report of any pathological changes evident 
in the urinary tract. The following features were recorded in a yes/no checkbox if they were 
reported in the necropsy report: membranous glomerulopathy; glomerulosclerosis; 
lymphocytic/plasmacytic interstitial nephritis; lymphocytic interstitial nephritis; cortical tubular 
atrophy; medullary fibrosis; pyelonephritis; renal papillary necrosis; mineralisation; irregular 
kidney size and/or hydronephrosis; and renal amyloid.  
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A free text box for other pertinent clinical information was included under the body systems: 
Respiratory; Cardiovascular; Neurological; Musculoskeletal; Reproductive; Gastrointestinal; 
Hepatic; Splenic; and Endocrine. A ‘Miscellaneous Pathology’ category recorded 
abnormalities such as oral lesions, eye lesions, disseminated metastatic neoplasia, and other 
systemic conditions.  
The Access database was closed against further data entry on 30th April 2016.  
2.2.3. Definitions 
 Life Status 
The life status of all felids was categorised into one of three groups: 
i. ALIVE was defined as living at one of the ten Australian zoos as at 31st December 2015. 
ii. TRANSACTED was defined as having been transferred or relocated to a zoo or 
institution overseas or not within the ten Australian zoos included in the scope of this 
study. The data for a transacted animal was censored as of the date of transaction.  
iii. DEAD was defined as having died on or before 31st December 2015. 
 Age 
The age of all felids was categorised into four groups: 
i. NEONATE was defined as the first month of life (0–30 days). 
ii. JUVENILE was defined as the first 6 months of life (31–180 days approximately). 
iii. ADOLESCENT was defined as >6 months and <2 years of age, where the felid had 
attained independence from the dam but may not have attained sexual maturity. 
iv. ADULT was defined as ≥2 years of age.  
Age at death was calculated in months and years by subtracting the date of birth from the 
date of death as reported in the Taxon Reports or clinical records.  
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 Disease Status 
Chronic kidney disease is described as structural or functional abnormality of one or both 
kidneys which has been present for an extended period, usually three months or longer [75]. 
A diagnosis of CKD requires evidence from multiple sources, including: biochemical indices 
of renal function (serum creatinine and urea concentrations); serum electrolyte concentrations 
(particularly phosphorus, potassium, and bicarbonate); haematology; urinalyses; serial 
physical examinations; renal imaging to detect abnormalities of kidney size or shape; and/or 
histopathological evidence of kidney disease on biopsy or necropsy [72, 75, 78, 203]. 
Histopathological evidence of CKD was considered the gold standard for a retrospective 
diagnosis of CKD. The histopathological features of CKD in non-domestic felids in this study 
are presented in detail in Chapter Six.  
The disease status of all ALIVE felids was categorised into three groups: 
i. NORMAL was defined as presenting no evidence of CKD, based on medical history, 
clinical signs, and laboratory reports, with USG consistently ≥1.035 and serum creatinine 
concentrations within the published reference intervals (RI) for that species  
(Appendix 2).  
ii. CHRONIC RENAL INSUFFICIENCY (CRI) was defined as presenting evidence of early 
onset of CKD (equivalent to IRIS Stage 1 or early Stage 2 for domestic cats; Table 1.3) 
based on mild clinical signs possibly attributable to CKD and/or abnormal findings in 
clinicopathological laboratory reports, such as impaired urine concentrating ability  
(USG <1.035), but serum creatinine or urea concentrations within the normal RI for that 
species (i.e. non-azotaemic).  
iii. CHRONIC KIDNEY DISEASE was defined as present when the felid had medical 
history, clinical signs, serum biochemistry, and urinalysis reports with values consistent 
with CKD, and when no plausible alternative diagnosis was evident from the clinical 
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records. Elevated serum creatinine and/or urea concentrations above published ZIMS 
RI for each species were used to define azotaemia. 
 
For the purposes of this study, a diagnosis of CKD was made based on evidence of:  
a. azotaemia (elevated serum creatinine and/or urea concentrations) which was 
persistent despite rehydration and in the absence of identifiable pre- or post-renal 
causes; and 
b. persistently impaired urine concentrating ability (USG <1.035) and/or proteinuria 
(UP:C ≥0.4); and/or  
c. prolonged clinical signs consistent with CKD such as polyuria and/or polydipsia, 
weakness/lethargy, ataxia, weight loss, inappetence or anorexia, poor pelage 
and/or dehydration; and/or  
d. gross and/or histologic changes in kidney tissues consistent with CKD at 
necropsy examination. 
 
 Causes of death 
The causes of death were categorised broadly into three groups: 
a. UNKNOWN – where insufficient information existed in the clinical records to definitively 
establish a cause of death.  
b. CHRONIC KIDNEY DISEASE  
c. OTHER – an encompassing category where the disease state or death was attributable to 
known causes other than CKD.  
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Death due to OTHER causes apart from CKD was assigned to one of nine categories:  
1. ACUTE KIDNEY INJURY – diagnosis was based on acute onset of renal excretory 
failure, as characterised by high elevations of serum urea and creatinine concentrations 
accompanied by loss of urine concentrating ability, with no previous history of clinical 
signs attributable to kidney disease. 
2. MISADVENTURE – included cases of death due to conspecific aggression, snake bite, 
tick intoxication, fractures, trauma, and euthanasia for curatorial reasons. 
3. INFECTIOUS DISEASES – included all bacterial, viral, fungal, protozoan and prion 
diseases of any body system. 
4. GASTROINTESTINAL DISEASE – including liver and pancreatic diseases. 
5. CARDIORESPIRATORY DISEASE 
6. NEUROLOGICAL DISEASE – included diseases such as idiopathic epilepsy, 
encephalitis, and thiamine deficiency. 
7. ENDOCRINOPATHY – included diseases such as hyperthyroidism, diabetes mellitus, 
and hyperadrenocorticism. 
8. NEOPLASIA  
9. SENESCENCE/DEBILITY – included old animals which died a natural death or were 
euthanised due to debilitating co-morbidities, including degenerative diseases.  
 
Dead felids in these OTHER categories may have had CKD as a significant co-morbidity, but 
this was not assigned as the principal cause of death or euthanasia. Felids which died of 
UNKNOWN causes were excluded from this category. 
Cause of death was assigned to the primary cause of death. Many animals, particularly older 
animals, had multiple significant co-morbidities, but an assessment was made as to the 
primary reported reason at the time of euthanasia or natural death, based on the animal’s 
Chronic Kidney Disease  Thesis  Sydney School of Veterinary Science 
in Australian Zoo Felids  Rachel D’Arcy University of Sydney 
 
40 
clinical records and necropsy report. Data from all dead felids with a known cause of death 
were used to calculate the prevalence of the various causes of mortality in Australian zoos. 
2.2.4. Data analysis 
Detailed information was exported from the tables in the custom-built Microsoft Access® 
database into Microsoft Excel® 2016 spreadsheets, where the data was cleaned and 
organised, and then further imported into the required statistical analysis software, GenStat® 
17th edition (VSN International Ltd, Hemel Hempstead, UK) or GraphPad Prism® version 7.00 
(GraphPad Software, La Jolla, CA, USA) for statistical analyses and graphical presentation. 
Descriptive statistics were calculated for felids by species, age, and cause of death. All causes 
of death were compared to death due to CKD for significance, by one-way ANOVA on ranks 
by Kruskal-Wallis test, with Dunn’s multiple comparisons test performed to determine 
statistically significant differences between CKD and the disease groups. Ages at death due 
to known and unknown causes were compared using two-tailed t-tests for statistical 
significance. P<0.05 was set as the level for significance in all tests. 
The database was analysed in a step-wise fashion. Each level of analysis used smaller 
subsets of felids, because not every felid identified in the database had a sufficiently detailed 
level of information available in their records to provide the required evidence for analysis of 
the clinical presentation and progression of CKD.  
The levels of analysis were: 
i. Felid census – included the entire reported Felidae population in ten Australian zoos, 
alive, dead, and transacted between 1st January 1965 and 31st December 2015. 
ii. Causes of mortality analysis – included only dead felids (neonate, juvenile, 
adolescent or adult) with an identifiable cause of death (CKD or OTHER) documented 
in their clinical records or by necropsy report. These data are presented in Section 2.3.  
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iii. Prevalence of CKD – included both alive and dead felids, with particular focus on the 
subset of dead felids where CKD was considered the primary cause of mortality. 
iv. Clinical presentation of CKD – represented the subset of felids where sufficient 
detail existed in the records to describe the longitudinal clinical presentation of CKD. 
This data is presented in detail in Chapter Three.  
2.3. Results 
2.3.1. Felid census 
Species identified as having lived in Australian zoos over the past fifty years were: African and 
Asiatic lions, and lions of undetermined sub-species; Bengal, Sumatran, Amur, and hybrid 
(Bengal x Sumatran, Bengal x Amur) tigers; bobcats; caracals; cheetahs; clouded leopards; 
cougars; fishing cats; jaguars; jaguarundis; leopard cats; leopards and Persian leopards; 
Northern lynx; ocelots; servals; snow leopards; and Asian (Temminck’s) golden cats. The 
scientific names of each species and the number of animals for which records exist are listed 
in Table 2.4. There were three species of small cats documented to have been kept in 
Australian zoos – Geoffroy’s cat (Leopardus geoffroyi geoffroyi), Pallas cat (Felis manul), and 
jungle cat (Felis chaus) – and two tiger/lion hybrid individual felids (Panthera) which were not 
included in this study due to a lack of detailed clinical records.  
Of the 1,015 felids individually identified in Taxon Reports, 130 (13%) were alive in Australian 
zoos at the time of locking the database and 205 (20%) had been ‘lost to follow-up’. The most 
common reasons for felids becoming ‘lost to follow-up’ were international transactions (n=83), 
often as adolescents for breeding purposes, or relocation to smaller zoos and private 
institutions (n=66) which did not subscribe to the Zoological Information Management System 
(ZIMS). Prior to 1980, some individuals also entered private collections such as circuses 
(n=20). The median and mean ages of transacted animals were 2.1 and 4.5 years respectively,  
which reflected general zoo policy of dispersing young animals from successful breeding.
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Table 2.4 Census of felid species in Australian zoos from 1965 to 2015 
Felid Species  Total 
Felids 
Alive Transacted/ 
Fate unknown 
Died as  
immature animals 
Died as  
adults 
Common name Scientific name 
Adolescent/
Juvenile 
Adults 
Neonate/ 
Juvenile 
Adolescent Unknown CKD Other 
African lion Panthera leo krugeri/senegalensis 115 29 5 3 39 13 8 1 17 
Asiatic lion Panthera leo persica 8 0 0 0 0 0 2 3 3 
Lion Panthera leo 116 22 27 7 28 6 14 1 11 
Cheetah Acinonyx jubatus 118 23 9 3 27 1 16 22 17 
Bengal tiger Panthera tigris bengalis 21 7 0 0 0 1 1 6 6 
Amur tiger Panthera tigris altaica 7 0 0 0 3 0 3 0 1 
Sumatran tiger Panthera tigris sumatrae 77 26 3 13 20 2 2 9 2 
Tiger Panthera tigris* 40 3 2 10 10 2 2 4 7 
Bobcat Lynx rufus 51 0 6 4 18 4 8 4 7 
Caracal Caracal caracal 38 0 6 6 9 0 7 3 7 
Clouded leopard Neofelis nebulosa 3 0 0 0 0 0 1 0 2 
Cougar Puma concolor 52 3 11 10 5 5 7 3 8 
Fishing cat Prionailurus viverrinus 17 0 1 4 3 0 1 3 5 
Jaguar Panthera onca 32 0 4 3 4 2 4 3 12 
Jaguarundi Puma yagouaroundi 3 0 0 0 0 0 1 0 2 
Leopard Panthera pardus 31 0 7 6 6 3 3 2 4 
Persian leopard Panthera pardus saxicolor 19 0 6 5 2 0 1 0 5 
Leopard cat Felis bengalensis 98 0 2 5 71 7 8 0 5 
Northern lynx Lynx canadensis 2 0 0 0 0 0 0 1 1 
Ocelot Leopardus pardalis 40 0 1 6 12 1 8 2 10 
Serval Leptailurus serval 66 10 5 10 22 2 3 3 11 
Snow leopard Uncia uncia 26 7 1 6 2 0 3 0 7 
Asian golden cat Felis temmincki 35 0 2 6 12 1 4 2 8 
TOTALS *included hybrid tigers 1015 130 98 107 293 50 107 72 158 
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programs. Only one transacted snow leopard had evidence of kidney disease (due to an 
episode of acute kidney injury) prior to being lost to follow-up, and its data was not included 
further in this study.  
2.3.2. Causes of mortality 
Deaths of neonatal and juvenile felids aged between 0 and 6 months old (hereafter defined as 
‘cubs’), accounted for 29% of losses (293/1015). The causes of death in the period prior to 
attaining independence from the dam were not recorded in Taxon Reports and were rarely 
available in clinical records, and thus detailed analyses of the causes of cub mortalities were 
not made in this study. The highest proportion of cubs died within the first week of life (66%),  
84% died within the first month, and 93% of all cub deaths occurred prior to weaning, within 
the first 10 weeks of life (Figure 2.3).  
Figure 2.3 Histogram of the age at death of all cubs (neonates and juveniles)  
and adolescents between 1965 and 2015 in ten Australian zoos 
 
The number of neonatal and juvenile deaths peaked in the two decades from 1975 to 1994, 
with 197 out of 293 cub deaths occurring in this period. Cub mortality rates were 34% 
0
.0
0
.5
1
.0
1
.5
2
.0
0
5 0
1 0 0
1 5 0
2 0 0
2 5 0
H is to g ra m  o f  c u b  a n d  a d o le s c e n t d e a th s
b e tw e e n  1 9 6 5  a n d  2 0 1 5
A g e  a t  d e a th  (y e a rs )
N
u
m
b
e
r
 o
f 
fe
li
d
s
Chronic Kidney Disease  Thesis  Sydney School of Veterinary Science 
in Australian Zoo Felids  Rachel D’Arcy University of Sydney 
 
44 
between1975 and 1984 and 41% between 1985 and 1994. A tally of individual cub deaths and 
total births and imports, by species and decade, is presented in Figure 2.4 and Table 2.5. 
Cheetahs had very low birth numbers in the decades prior to 1984, and cheetah cub mortality 
rates have increased every decade, from 17% in 1985–1994 to 31% in 2005–2015, which is 
associated with an increase in birth numbers. Sumatran tiger cub mortality rates have declined 
from a peak of 47% in 1985–1994 to 15% in 2005–2015. Snow leopards have had very low 
cub mortalities, but this was associated with very low total live birth counts. Prolific breeders, 
such as leopard cats (Felis bengalensis), cougars (Puma concolor) and lions (Panthera leo 
spp.) had high counts of both cub births and deaths, particularly in the decades prior to 1995, 
before reliable contraceptive methods via hormonal implants were available, and when 
euthanasia of surplus animals for curatorial reasons was necessary for population control. 
Species such as servals (Leptailurus serval), which maintain self-replenishing populations in 
Australia and are not considered difficult to breed [204], have maintained cub mortality rates 
in the range of 18-30% in the last 30 years since 1985.  
Species such as Amur tigers (Panthera tigris altaica), Northern lynx (Lynx canadensis), and 
jaguarundis (Herpailurus yagouaroundi) have not had their populations replenished in the ten 
Australian zoos in this study since 1985. Similarly, bobcats (Lynx rufus), clouded  
leopards (Neofelis nebulosa), leopards including Persian leopards (Panthera pardus spp.), 
leopard cats (Felis bengalensis), and ocelots (Leopardus pardalis) have not bred or 
beenintroduced after 1994, and the Australian populations of Asian golden cats (Catopuma 
temminckii), caracals (Caracal caracal), cougars (Puma concolor), and jaguars (Panthera 
onca) have not been replenished in the most recent decade, between 2005–2015. All these 
species are not considered to be threatened with the risk of extinction and are not assessed 
by the IUCN as vulnerable or endangered, apart from the Amur tiger (endangered) and the 
clouded leopard (vulnerable).   
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Figure 2.4 Histogram of cub deaths, compared to total births and imports, by decade and by species 
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Table 2.5 Number of cub deaths (felids aged 0–6 months old) per decade  
Time Period Prior to 1974 1975-1984 1985-1994 1995-2004 2005-2015 
Felid Species 
Cub 
deaths 
Total 
births# 
Cub 
mortality^ 
Cub 
deaths 
Total 
births# 
Cub 
mortality^ 
Cub 
deaths 
Total 
births# 
Cub 
mortality^ 
Cub 
deaths 
Total 
births# 
Cub 
mortality^ 
Cub 
deaths 
Total 
births# 
Cub 
mortality^ 
Lions (all sub-species) 6 42 14% 29 82 35% 13 23 57% 12 55 22% 7 37 19% 
Cheetah 1 7 14% 0 11 0% 3 18 17% 12 46 26% 11 36 31% 
Bengal tiger 0 1 0% 0 4 0% 0 10 0% 0 4 0% 0 2 0% 
Amur tiger 0 0 - 3 7 43% 0 0 - 0 0 - 0 0 - 
Sumatran tiger 0 0 - 7 16 44% 7 15 47% 2 19 11% 4 27 15% 
Tiger* 3 19 16% 7 11 64% 0 3 0% 0 4 0% 0 3 0% 
Bobcat 7 21 33% 8 23 35% 3 7 43% 0 0 - 0 0 - 
Caracal 1 6 17% 7 23 30% 1 8 13% 0 1 0% 0 0 - 
Clouded leopard 0 1 0% 0 0 - 0 2 0% 0 0 - 0 0 - 
Cougar 0 12 0% 4 32 13% 1 3 33% 0 5 0% 0 0 - 
Fishing cat 0 0 - 0 0 - 0 4 0% 3 13 23% 0 0 - 
Jaguar 2 5 40% 1 8 13% 1 14 7% 0 5 0% 0 0 - 
Jaguarundi 0 0 - 0 3 0% 0 0 - 0 0 - 0 0 - 
Leopard 0 11 0% 5 17 29% 1 3 33% 0 0 - 0 0 - 
Persian leopard 0 1 0% 0 4 0% 2 14 14% 0 0 - 0 0 - 
Leopard cat 10 19 56% 20 34 59% 41 45 91% 0 0 - 0 0 - 
Northern lynx 0 2 0% 0 0 - 0 0 - 0 0 - 0 0 - 
Ocelot 2 14 14% 1 10 10% 9 16 56% 0 0 - 0 0 - 
Serval 0 2 0% 14 28 50% 2 9 22% 3 10 30% 3 17 18% 
Snow leopard 0 0 - 0 1 0% 2 10 20% 0 9 0% 0 6 0% 
Asian golden cat 7 11 64% 4 10 40% 1 7 14% 0 7 0% 0 0 - 
TOTALS 39 174 23% 110 324 34% 87 211 41% 32 178 18% 25 128 20% 
*includes hybrid tigers  # includes imported felids born within this period   
^cub mortality rate was calculated as cub deaths ÷ total births (including imports), expressed as a percentage  
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Adolescents (i.e. felids aged >6 months to <2 years old) accounted for 5% of overall deaths 
(50/1015). Adolescent death was given its own category, as adolescents were less likely to 
have developed CKD as a degenerative condition, and causes of death for this age category, 
e.g. acute trauma, misadventure, infection, and conspecific aggression, tended to be different 
to those for adult animals. 
The cause and age of death could only be determined definitively for 13 adolescent felids. 
Two tigers died before 12 months of age due to kidney failure, one with congenital renal 
dysplasia and one with bacterial nephritis caused by Salmonella spp. One lioness was 
euthanised for acute renal failure of unknown cause. Other adolescent felids were euthanised, 
variously, for conditions such as: osteodystrophia fibrosa (African lion); non-union of a 
fractured leg (African lion: fractured proximal right tibia; serval: site of fracture not specified); 
ependymitis (midbrain abscess, African lion); severe seizures (ocelot); and encephalopathy 
attributed to thiamine deficiency (cheetah). Other reported causes of death in felids less than 
2 years of age included intestinal obstruction due to a foreign body (piece of rubber tyre, 
Sumatran tiger), drowning in an enclosure moat (Sumatran tiger), acute asphyxia/aspiration 
of foreign material (jaguar), and infanticide due to conspecific aggression (Asian golden cat).  
Felids which died as cubs or adolescents were not included further in any data analysis. At 
the time of closing the database against further data entry, 574 felids had survived to reach 
adulthood (defined as ≥2 years old), of which 130 were still alive, 107 had been lost to follow-
up with their fates unknown, and 337 had died (Table 2.6).  
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Table 2.6 Life status of adult felids in Australian zoos from 1965 to 2015 
Life Status Number of felids Female Male 
Alive 130 69 61 
Transacted as adults – lost to follow-up 107 51 56 
Dead – cause of death known (CKD or OTHER) 230 110 120 
Dead – cause of death UNKNOWN 107 47 60 
TOTAL 574 277 297 
 
There was an apparent increase in the prevalence of CKD in each decade from 1965–1974 
to 2005–2015, mainly due to attribution of death to known causes and a corresponding 
reduction in the number of unknown causes of death (Table 2.7). Almost 80% of cases of 
unknown cause of death occurred in older records, prior to 1995. In the decade 1975–1984 
only 7% of deaths were attributed to CKD, however the cause of death was not determined in 
60% of cases. In the decade 1995–2004, CKD was the primary cause of mortality in 28% of 
felid deaths, and only 14% of felids had an unknown cause of death. For 2005–2015, the 
prevalence of CKD increased to 35%, with a corresponding decline in OTHER causes of death 
(53%) and only 12% having an unknown cause of death. The changes in prevalence of CKD 
and other causes of death by decade is presented graphically in Figure 2.5.   
Table 2.7 Frequency of various causes of felid deaths in Australian zoos from 1965 
to 2015, by decade 
 Cause of death  
 CKD OTHER UNKNOWN  
Time Period n % n % n % TOTAL 
1965 – 1974 2 11% 4 21% 13 68% 19 
1975 – 1984 4 7% 19 33% 35 60% 58 
1985 – 1994 9 11% 36 44% 36 44% 81 
1995 – 2004 24 28% 49 58% 12 14% 85 
2005 – 2015 33 35% 50 53% 11 12% 94 
TOTAL 72 21% 158 47% 107 32% 337 
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Figure 2.5 Primary causes of death of felids due to CKD, OTHER, and UNKNOWN causes in Australian zoos, by decade from 
1965 to 2015  
Chronic Kidney Disease  Thesis  Sydney School of Veterinary Science 
in Australian Zoo Felids  Rachel D’Arcy University of Sydney 
 
50 
2.3.3. Age at death by disease process 
The clinical records lacked sufficient detail to determine the cause of death in  
107 adult felids, 75% of which had died before 1995 (Table 2.7). The mean and median ages 
at death for felids that died of unknown causes were 11.6 and 11.5 years respectively (range 
2.0–23.1 years). There was a significant difference between the mean ages at death for adult 
felids which died of known causes (14.4 ± 0.3 years) and those which died of unknown causes 
(11. 6 ± 0.5 years, P<0.0001).  
The clinical records contained sufficient detail to establish age at death for 226 adults with 
known causes of death but lacked sufficient detail to establish the age at death for four adult 
felids. One aged and debilitated serval, a tiger euthanised with abdominal neoplasia, and two 
cases of CKD (a tiger and a bobcat) did not have sufficient detail in their records to calculate 
their age at death. The mean and median ages of death for all known causes of death in adult 
felids are tabulated in Table 2.8 and presented graphically in Figure 2.6. 
Table 2.8 Age at death of adult felids in Australian zoos from 1965 to 2015, by 
disease process 
Cause of Death Number of 
cases 
Frequency 
(%) 
Age at death (years) P value 
(compared  
to CKD) Median Mean Range 
Endocrine 2 1 8.7 8.7 3.6 – 13.9 0.2088 
Misadventure 27 12 9.9 10.2 3.4 – 20.3 0.0001 
Acute kidney injury 6 3 9.9 9.5 3.3 – 15.0 0.0156 
Gastrointestinal 12 5 10.1 9.8 2.7 – 14.7 0.0046 
Neurological 8 4 13.5 12.5 2.1 – 21.4 0.3760 
Infection 7 3 14.2 12.6 2.2 – 17.1 0.5093 
Neoplasia 35 15 15.5 15.1 5.8 – 22.6 0.9994 
Cardio/Respiratory 15 7 17.0 15.2 3.0 – 22.0 0.9997 
Senescence/Debility 44 19 17.2 17.3 10.6 – 25.2 0.2319 
CKD 70 31 14.9 15.4 4.1 – 25.8 - 
TOTAL 226 100 14.8 14.4 2.1 – 25.8  
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Figure 2.6 Age at death of adult felids in Australian zoos, by known causes  
The age at death of individual felids are presented in an aligned dot plot. The vertical line is the interquartile range (IQR), 
 the central horizontal line is at median, and the diamonds represent individual felids. 
 
 
The proportions and relative frequencies of various diseases as the primary cause of death, 
by age categories, are presented in Figure 2.7. 
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Figure 2.7 Known causes of death of felids in Australian zoos, by disease category, and age at death in five-year intervals
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Chronic kidney disease was the most frequent cause of death in adult felids in Australian zoos, 
accounting for 70/226 (31%) of known deaths for which the age of death was available. Acute 
kidney injury was also reported as a cause of death in 6/226 (3%) of cases, and thus kidney 
disease accounted for 34% of all deaths in felids where the cause of death was established 
definitively. Senescence/debility accounted for 44/226 (19%) of known deaths, while neoplasia 
was reported as the cause of 35/226 (15%) of deaths at a median age of 15.5 years. 
Misadventure was reported as the cause of 27/226 (12%) of adult deaths and included snake 
envenomation, appendicular skeletal fractures, trauma inflicted by conspecifics, and Ixodes 
holocyclus envenomation (tick paralysis). Cardiorespiratory, gastrointestinal, and neurological 
diseases accounted for 15, 12, and 8 felid deaths (7%, 5%, and 4% of deaths, respectively). 
Infection accounted for 7/226 (3%) of deaths in adult felids. Endocrine disorders were 
infrequently reported, representing 2/226 (1%) of all known causes of death, with one instance 
of hyperadrenocorticism in a 3 year old female cougar and one instance of diabetes mellitus 
in a 14 year old male bobcat. Age at death varied significantly between disease processes. 
Misadventure, acute kidney failure, and gastrointestinal diseases were all associated with 
significantly shorter lifespans than CKD, with median age of death for felids that died of CKD 
at 14.9 years, compared to felids that died of acute kidney failure (median 10.3 years, 
P=0.0156), misadventure (median 9.4 years, P=0.0001), or gastrointestinal diseases, 
including hepatic and pancreatic diseases (median 10.1 years, P=0.0046).  
Diseases prevalent in older animals included neoplasia, respiratory and cardiovascular 
diseases, and CKD.  A diverse range of neoplasms were reported, including mammary 
carcinoma, osteosarcoma, lymphoma, hemangiosarcoma, leukaemia, pheochromocytoma, 
perianal adenocarcinoma, urothelial (transitional cell) carcinoma, nasal fibrosarcoma, 
mesothelioma, and squamous cell carcinoma. Non-specific pneumonia was the most 
commonly reported respiratory cause of death. Hypertrophic cardiomyopathy was 
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documented at necropsy in a 19 year old male jaguar, haemopericardium due to aortic rupture 
was recorded as the cause of death in a 3 year old cougar, and myocardial fibrosis was 
reported in two female felids, a 15 year old leopard and a 19 year old bobcat. 
Felids with the highest average life-span were those which did not die of a specified disease, 
but died or were euthanised in a generally debilitated condition associated with old age, 
senescence, or degenerative conditions such as osteoarthritis or spondylosis. Clinical signs 
such as weakness, senility, inappetence, weight loss, ill-thrift, or chronic non-healing wounds 
were reported as reasons to euthanise. Blindness, with or without corneal ulceration, was 
recorded as the reason for euthanasia in 6 senescent felids. 
2.3.4. Age at death by species 
Some felid species had markedly longer life-spans than others. Members of the genus 
Panthera generally lived longer than the smaller felids of the family Felinae, e.g. jaguarundi 
(Puma yagouaroundi), leopard cat (Felis bengalensis), cheetah (Acinonyx jubatus), caracal 
(Caracal caracal), and fishing cat (Prionailurus viverrinus). Descriptive statistics for age of 
death by species are presented in Table 2.9.  
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Table 2.9 Maximum life-span, mean, and median age of death of adult felids in 
Australian zoos from 1965 to 2015, by species 
Species 
Age at death (years) No. of felids 
Median Mean Maximum TOTAL Male Female 
Jaguarundi 4.3 7.4 14.8 3 1 2 
Leopard cat 8.1 9.1 16.3 13 6 7 
Cheetah 11.1 11.2 19.1 55 35 20 
Caracal 12.8 11.5 19.4 17 9 8 
Ocelot 13.1 13.5 23 20 9 11 
Fishing cat 13.3 11.9 14.3 9 4 5 
Asian golden cat 13.7 13.1 20.3 14 10 4 
Amur tiger 14 14.4 18.5 4 2 2 
Cougar 14.2 12.4 18.2 18 7 11 
Clouded leopard 14.2 14.6 18.2 3 2 1 
African lion 14.3 13.2 19 26 15 11 
Bengal tiger* 14.6 13.2 18.6 13 7 6 
Serval* 14.3 14.1 25.8 17 10 7 
Tigers* 15.2 15.7 21.4 13 6 7 
Snow leopard* 15.4 14.4 21.3 10 6 4 
Lions 16.1 15.5 25.2 26 10 16 
Bobcat* 16.7 13.9 21.9 19 13 6 
Leopard 17.5 16.2 23.3 9 4 5 
Sumatran tiger 18.1 16.8 21.5 13 10 3 
Jaguar 18.4 17.1 23.9 19 9 10 
Persian leopard 19.1 17.6 21.6 6 2 4 
Asiatic lion 19.4 16.5 21.4 8 3 5 
ALL 14.6 14.0 25.8 337 181 156 
* one male snow leopard, serval, bobcat, tiger and Bengal tiger respectively had unknown age at death.  
 
No significant effect of sex on age of death was apparent in any species. There was a 
statistically significant difference between the median ages at death of leopard cats (8.1 years) 
and cheetahs (11.1 years), compared to Sumatran tigers (18.1 years) and jaguars (18.4 
years). A graphical representation of the age of death of felids, by species and sex, is 
presented in Figure 2.8. 
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Figure 2.8 Age at death of all adult felids in Australian zoos, by species and sex, expressed as box and whiskers plots 
[Central line is median, box is IQR and whiskers are the range (i.e. minimum and maximum)]. 
Significant differences in median age at death were present for: # cheetah vs. jaguar (11.1 vs. 18.4 years; P=0.0012); # cheetah vs. Sumatran tiger (11.1 vs. 18.1 years; P=0.0219); 
 * leopard cat vs. jaguar (8.1 vs. 18.4 years; P=0.0073) and * leopard cat vs. Sumatran tiger (8.1 vs. 18.1 years; P=0.0330). 
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2.4. Discussion 
This retrospective study is, globally, the largest of its kind to date and is the first to examine 
CKD across a broad spectrum of felid species domiciled in zoos for the whole of their lives. 
From an Australia-wide census of 1,015 felids over a 50-year period, a subset of 574 adult 
felids was compiled, of which 130 are still alive at the time of closing the database. Critically, 
230 adult felids had sufficient data to establish a cause of death, demonstrating the breadth 
and depth of data required to compile comprehensive and meaningful results in zoo animal 
research, as only approximately one quarter of all identified felids had whole-of-life data 
available for longitudinal analysis. Of all felids born into the ten Australian zoos in this study, 
34% died before 2 years of age, and a further 20% were transferred (transacted) away early 
in their lifetimes. A cause of death could not be determined in 107 adults (10% of all felids) 
due to insufficient detail in their clinical records, and while felids with unknown causes of death 
had significantly lower median and mean ages at death, their causes of death may be 
presumed to encompass the spectrum of diseases seen in felids with known causes of death. 
This study has revealed that CKD was the most common cause of death for adult felids in 
Australian zoos between 1965 and 2015, representing the primary known cause of death in 
72/230 (31%) of adult felids. Chronic kidney disease appears to be as common in non-
domestic felids as it is in domestic cats. In domestic cats, CKD is estimated to affect 1–3% of 
the total domestic cat population [205, 206], with an increasing prevalence of the disease 
reported in the past few decades [207, 208]. By comparison, CKD has been detected at an 
overall rate of 7% (72/1015 felids) in this study, although the Australian zoo felid population 
should not necessarily be considered representative of the natural felid population globally. In 
this study, there was an apparent increase in the prevalence of CKD with the passage of time. 
This increase may be due in part to improved diagnostic understanding of CKD over the 
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decades, but it was also associated with improvement in data quality and increased detail in 
the more recent clinical records, and a reduced number of felids categorised as dead due to 
unknown causes in the decades after 1995.  
Chronic kidney disease is an age-related disease and it is diagnosed in higher proportions of 
older domestic cats,  estimated to affect 7.5% of domestic cats over the age of 10 years [209] 
and 15–30% of cats older than 15 years [98]. From published literature in non-domestic felid 
species, CKD has also been shown to be an age-related condition in ocelots [26], cheetahs 
[67, 68], Iberian lynx [21, 32, 210, 211], and jaguars [19]. The prevalence of renal disease in 
jaguars was found to increase with age from a very low prevalence (3%) in jaguars less than 
five years of age, to 13% in jaguars aged five to 16 years, and finally to a very high prevalence 
(45%) in jaguars 16 to 25 years of age. Similarly, in this study, CKD affected older felids with 
increasing frequency. While CKD was the cause of death in 0.5% of felids under five years of 
age, it affected 24% of felids between 10 to <20 years of age, and was the cause of death in 
31% of felids between 20 to 25 years of age.  
The prevalence of CKD across many non-domestic felid species is of interest when 
considering the 38 extant felid species have evolved along divergent branches of the Felidae 
family for the past 11 million years [5], yet CKD is a persistent disease process detected in 
virtually every non-domestic felid species studied, as it is in the domesticated species, Felis 
catus, from which most of our current understanding of the disease process arises. The 
differing prevalence of CKD between non-domestic felid species is elucidated in greater detail 
in Chapter Three, and an analysis of risk factors for CKD, including age, is presented in greater 
detail in Chapter Four. 
Chronic kidney disease is not always a progressive condition and a diagnosis of CKD does 
not always predict that death will occur due to the condition. In one large necropsy study of 
Chronic Kidney Disease  Thesis  Sydney School of Veterinary Science 
in Australian Zoo Felids  Rachel D’Arcy University of Sydney 
 
 
59 
renal lesions in non-domestic felids [69], CKD was diagnosed in 74% of cases, but was the 
primary cause of death in only 16% of cases. CKD was the primary cause of death in 
approximately one-third of adult felids in this study, however it was also a significant co-
morbidity in a further proportion of animals which died of other causes, and these data will be 
presented in Chapters Three and Four.  
Two other major causes of death in Australian adult zoo felids were neoplasia and 
senescence/debility associated with old age. This is consistent with published findings from 
European, North American, and Korean zoos [8, 49-51, 70] which suggest that felids living in 
zoos more often survive to advanced age, and this may explain why conditions such as 
neoplasia [212] and debilitating degenerative conditions associated with senescence [73, 74] 
are frequently represented in the zoo population. Similarly, in domestic cats, deaths due to 
neoplastic and cardiovascular disease have been shown to increase with age, whereas 
infective and traumatic causes of death decrease as cats get older [206, 213].  
In zoo felids in this study, CKD was associated with a significantly higher median age at death 
than were misadventure or other disease conditions such as acute kidney failure, 
gastrointestinal disease, or neurological disease. As with domestic cats, which are an 
increasingly ageing population with a rising median age of death due to better husbandry and 
health management [77, 115, 206], zoo felids receive a high standard of veterinary care and 
husbandry throughout their lives. For felids in zoos, it is apparent that CKD is an age-related 
disease and that if they survive long enough and do not die of something else, then neoplasia, 
CKD, or senescence must eventually cause death or euthanasia. 
It was interesting to note that in the population studied there were only low levels of cardiac 
disease and endocrine disease. Hypertrophic cardiomyopathy, the most common cardiac 
disease in domestic cats [214, 215], was documented in only one felid in this study. 
Chronic Kidney Disease  Thesis  Sydney School of Veterinary Science 
in Australian Zoo Felids  Rachel D’Arcy University of Sydney 
 
 
60 
Hyperthyroidism, the most commonly reported endocrinopathy in domestic cats [216-218], 
was not reported in this study, while less common endocrine diseases such as diabetes 
mellitus, which has a reported prevalence of approximately 1 in 200 in domestic cats (0.5%), 
[219] occurred at a similar rate in this study – one diabetic felid was reported amongst 230 
cases with known cause of death. Hyperadrenocorticism, an endocrinopathy seen rarely in 
domestic cats [218, 220-223], was recorded as the differential diagnosis for the cause of death 
in a three year old female cougar due to chronic non-specific illness and marked hypertrophy 
of the adrenal cortices observed at necropsy examination. The incidence of diabetes mellitus 
and hyperadrenocorticism reported in this study (one of each from 230 felids) was consistent 
with findings from domestic cats and demonstrates that, similarly to domestic cats [206, 207, 
213], endocrine diseases in felids kept in zoos are rare compared to CKD.   
Neonatal, juvenile, and adolescent deaths represented by far the largest category of deaths 
of non-domestic felids in Australian zoos. The overall rate of cub deaths in the 50 years of this 
data set was 293/1015 deaths (28.9%). The majority of these neonatal deaths occurred prior 
to 1995, and some were due to euthanasia of surplus animals for curatorial reasons, from 
fecund species such as leopard cats, lions, and cougars, in the period before effective and 
safe long-term chemical contraception was available. Cub deaths throughout the decade from 
2005 to 2015 were 75% less than cub deaths in the decade from 1975 to 1984. The reduced 
neonatal mortality rate was likely attributable to a decline in overall birth rates due to the advent 
of reliable contraceptive agents via GnRH implants, although improved husbandry methods 
would probably have accounted for some reduction of cub losses. The causes of death of 
neonatal felids was rarely discernible from the accessed zoo records, making it difficult to draw 
inferences regarding causes of neonatal mortalities, however, the observations raise many 
interesting questions and suggests fruitful avenues for further research, especially in relation 
to the very low live birth rates observed in endangered species such as Bengal and Sumatran 
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tigers, cheetahs, and snow leopards. In these vulnerable species, low fecundity and/or genetic 
paucity are significant issues facing conservation efforts [33, 42, 224, 225]. It would be 
fascinating to explore whether higher levels of cub mortality were associated with higher levels 
of overall fecundity, as evidenced by the numbers of adolescents transacted. Low numbers of 
cub deaths in some of these species may be associated with overall low live birth numbers. 
While the loss of individual cubs is of concern, breeding programs are likely to be more 
successful overall when they produce more litters, and it has been suggested that a ‘use it or 
lose it’ approach is recommended, breeding young, more genetically valuable females more 
frequently to maximise their lifetime fertility and produce more offspring [226].  
The mortality rate of one in three cub and adolescent felids reported across Australian zoos 
was consistent with reports from North American and Korean zoos of cub and adolescent felid 
mortality rates in the order of 20% to 40% before two years of age [27, 49-51]. It has been 
demonstrated across a wide range of species (including humans and felids) that a proportion 
of neonates always fail to survive to maturity [8, 27, 227] and it is naïve to think that this 
biological fact could be entirely eliminated. Outcomes may be improved by breeding more 
frequently to increase the total population of live cubs, but the expectation will always be that 
some loss of cubs as neonates and juveniles will occur, particularly because misadventure 
has also been shown to account for a significant proportion of deaths in younger animals.  
It is also interesting to note that the demography of the zoo felid population has changed over 
time in Australia. When the database was locked against further entry in 2015, there were 
some felid species with no living examples currently residing in Australian zoos. The census 
noted that while species such as Asiatic lions, Asian golden cats, Amur tigers, bobcats, 
caracals, clouded leopards, jaguarundis, jaguars, leopards, ocelots, Northern lynx, and 
leopard cats have been kept in Australian zoos in the past, there were no living examples in 
Australia in 2015. This is reflective of a philosophical change in the way zoos manage their 
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exhibits, away from what was known as a ‘menagerie’ approach to zoo collections. In the 
decades before the 1990’s, zoos would often maintain and exhibit a large cross-section of 
animals, with one or two individuals of every species [228]. This was not always practical for 
breeding purposes, and often led to genetic paucity if a single breeding pair were maintained 
for long periods. The ten Australian zoological institutions in this study are all members of the 
World Association of Zoos and Aquariums (WAZA). Australian zoos participate in globally 
cooperative animal management programs known as Global Species Management Plans 
(GSMPs) [229] and Association of Zoos and Aquariums (AZA) cooperatively managed 
regional and local Species Survival Plans® (SSPs) [230]. The SSPs are colour-coded green, 
yellow or red dependent on the size of captive populations within zoos, reflecting their ability 
to act as long-term genetic and demographic reservoirs. The breeding of animals under the 
auspices of a GSMP or SSP is regulated and controlled using Regional SMPs or Regional 
Collection Plans and studbooks to maximise and maintain genetic diversity in captive felid 
populations as recommended by the overseeing Taxon Advisory Group (TAG). As the 
available space in zoos is limited, the species maintained in zoo collections are carefully 
curated to achieve a balance between the multi-faceted roles of conservation, education and 
entertainment. Nearly all felid species kept in the ten Australian zoos in this study are managed 
under global and regional plans, including fishing cats, snow leopards, tigers, lions, cheetahs, 
cougars, caracals, servals and Persian leopards. 
The current approach of modern zoos is to focus on key threatened or endangered species in 
viable breeding groups to promote conservation and education efforts, and the focus for 
Australian zoos is now on geographically relevant species such as Sumatran tigers, or species 
well suited to Australia’s climate such as cheetahs and African lions. These animals are placed 
within holistic themed areas, such as the ‘Sumatran Tiger Trek’ within the ‘Asian Rainforest 
Trail’ or the ‘Lion Pridelands’ exhibit within the ‘African Savannah’. Enclosures are designed 
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to more realistically reflect the animal’s natural habitat, and zoos maintain larger collections, 
with multiple individuals living in more natural family units (Figure 2.9). This allows zoos to 
support a more diverse genetic spectrum for breeding programs, so that their long-term role 
as conservatoria of genetic material and ‘Noah’s Arks’ for preserving endangered species, can 
be fulfilled. For some species, such as Asiatic lions, of which the entire captive population 
outside India was derived from seven founders [231, 232], the captive-born specimens were 
of such uncertain genetic provenance that they have dwindled in Australian zoological 
collections because the purity of their sub-species status was uncertain. The last male Asiatic 
lion in an Australian zoo died, aged 20 years, in 2004. There are no longer living examples of 
most American or European non-domestic felid species such as the jaguarundi, leopard, 
jaguar, cougar, ocelot, Northern lynx, leopard cat or Amur tiger in Australian zoos as 
maintaining these populations is better served by zoos within the Northern hemisphere. Few 
felid species of IUCN Red List ‘Least Concern’ status or which are not threatened with 
extinction are maintained in Australian zoos, and modern zoos aim to maintain sustainable 
populations which do not rely on replenishment with wild-caught animals [228, 233-235].  
One of the main limitations of this study of causes of mortality and CKD in non-domestic felids 
is that it is based on a retrospective data set. The frequency and timepoints at which data was 
collected, the level of detail with which records were maintained, the felids from which samples 
were collected, and the range of samples collected were not pre-determined. While there are 
always limitations associated with retrospective data due to the ‘untidiness’ of the data set, on 
balance this was outweighed by the large sample size, which allowed the generation of a  
case-control design, where cases with and without CKD could be compared. Randomised 
controlled prospective studies are infrequently achieved in zoo medicine due to small 
population sizes, so retrospective observational studies are an important category of study 
Chronic Kidney Disease  Thesis  Sydney School of Veterinary Science 
in Australian Zoo Felids  Rachel D’Arcy University of Sydney 
 
 
64 
design which have been shown to provide results similar to randomised controlled prospective 
studies [236-239]. 
The large zoological institutions of Zoos South Australia, Zoos Victoria, Taronga Conservation 
Society, and Perth Zoo maintain high standards of veterinary care, record keeping, and 
archiving processes. Furthermore, they routinely conduct comprehensive archiving of tissue 
samples and necropsy examinations. Therefore, on balance, the retrospective nature of this 
observational study represents one of its main strengths, because it has enabled a large 
comprehensive sample size to be achieved by gathering a large number of records covering 
a long period. When compared to the existing literature, it is the largest such data set on CKD 
in non-domestic felids to be analysed to date. 
The largest comparable studies are also all retrospective observational studies, presenting 
sample sizes of 70–172 felids in necropsy reviews from various North American and European 
institutions over periods ranging from 14 to 60 years [49-51, 67-70, 212]. Of felids, cheetahs 
are one of the most extensively studied, with the largest review presenting data on 141 
cheetahs collected from 38 institutions over an 18-year period [66]. Similarly, causes of 
mortality of 172 jaguars over a 20-year period have been examined from 30 American Zoo 
Association institutions [19]. These reviews form the backbone of relevant species-specific 
knowledge in zoo medicine. Retrospective assembly of data from multiple institutions is one 
of the few ways to generate timely and relevant insights into pathological processes affecting 
captive felids, and differences in genetics and husbandry across disparate institutions around 
the globe may provide illuminating comparisons and further knowledge of disease conditions 
in captive felid populations.  
This author estimates to have captured over 90% of the felid population extant in Australia 
and close to 100% of the smaller species of Felinae. There are a small number of lions and 
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hybrid tigers held in private collections throughout Australia which were not included in the 
felid census, as their clinical records were not accessible, if they existed. This author is 
unaware of any other population-based studies of a similar scale in the peer-reviewed 
literature. 
2.5. Conclusions 
In summary, this large-scale retrospective study has demonstrated that CKD is an important 
and common disease affecting non-domestic felids in Australian zoos and it has produced 
valuable insights into directions for future prospective studies in zoo felids. The findings on 
CKD in non-domestic felids are discussed in the subsequent chapters of this thesis. 
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Figure 2.9 Two African lionesses, Kuchani and Asali, at Taronga Zoo, Sydney  
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Chapter 3 Species prevalence, clinicopathologic findings and disease progression 
of chronic kidney disease in non-domestic felids in ten Australian zoos  
3.1. Introduction 
Chronic kidney disease (CKD) has been identified as the most frequent cause of death of adult 
felids in Australian zoos, responsible for 31% of deaths from known causes in this population. 
The clinical features of CKD in zoo felids have only been described in general terms in the 
published literature [72]. Furthermore, most descriptions of the clinical signs associated with 
CKD in zoo felids, as well as recommendations for its medical management, are extrapolated 
from knowledge of the equivalent condition in the domestic cat, Felis catus [72, 112].  
    
The study presented in this chapter aims to: i) describe the prevalence of CKD in all felid 
species held in Australian zoos over the period 1965 to 2015; ii) describe and characterise the 
clinical features and progression of CKD in felids over the course of their lives as they transition 
from clinically normal to having reduced renal excretory function; iii) determine the changes 
over time in the main diagnostic biomarkers of kidney function, urine specific gravity (USG), 
serum creatinine and urea concentrations; and iv) characterise the haematological and serum 
biochemical changes associated with CKD in zoo felids.  
3.2. Methods 
3.2.1. Data collection 
 Clinical features of CKD 
Clinical records and all associated clinicopathologic reports were reviewed from the entire set 
of felids, alive or dead, defined as having CKD (Section 2.2.3.3) as either an identified co-
morbidity or the primary cause of death. Individual records containing sufficient detail were 
used to create a subset of felids to describe the clinical presentation i.e. signalment, clinical 
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signs, and progression of CKD. Inclusion in this subset required accessible details of species, 
sex, dates of birth and death, and evidence from the medical history, within the 12-month 
period prior to death, of: i) at least one complete serum or plasma biochemistry panel; and  
ii) at least one urinalysis documenting USG measurement, thereby allowing assessment of 
renal concentrating ability; or iii) a necropsy report demonstrating gross and/or 
histopathological evidence of CKD.  
When a felid was defined as having CKD, the date of onset of CKD was defined as the first 
onset of persistently low USG and/or azotaemia, whichever occurred first. The date of onset 
of azotaemia was defined as the date when the serum creatinine and/or urea concentration 
was recorded above the RI for that species. Published ZIMS Reference Intervals (RI) for each 
felid species were used in this study, current as at April 2016 (Appendix 2). The date of first 
low USG was defined as the date of onset of persistently low USG (i.e.  USG <1.035) or low 
USG associated with other clinical signs consistent with CKD. The age of onset of CKD was 
calculated as the time between birth and onset of low USG or azotaemia, whichever occurred 
first. 
 Clinical signs 
From the set of all felids diagnosed with CKD, a tabulated count of the most common clinical 
signs reported in clinical histories or keeper records was prepared. Signs included 
inappetence/anorexia, vomiting, lethargy/depression, weight loss, dehydration, polydipsia 
(PD), polyuria (PU), poor pelage, haematuria, and ataxia/weakness. The count was conducted 
as a yes/no tally of whether the clinical sign was reported in the animal’s records in association 
with the onset of CKD. Thus, for each felid, only one instance of reporting a clinical sign was 
tallied, even if that sign was reported repeatedly in the clinical record. 
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 Clinicopathological progression 
The inclusion criteria for describing the clinicopathological progression of CKD were defined 
as any felid diagnosed with CKD with accessible laboratory reports of serum creatinine and 
urea concentrations and USG measurements recorded in their clinical history. The blood tests, 
results of which were combined in this database, were conducted at 15 different laboratories 
throughout Australia. At the following zoos, blood tests were conducted using in-house 
analysers: Taronga Zoo Sydney; Taronga Western Plains Zoo; Adelaide Zoo; Monarto Zoo; 
Melbourne Zoo; and Werribee Open Range Zoo. Blood testing was conducted externally at 
the following commercial diagnostic laboratories: Veterinary Pathology Services; Orana 
Pathology Service; Gribbles; Idexx; LabCorp; University of Sydney Veterinary Pathology 
Diagnostic Services (VPDS); and University of Melbourne. In-house Idexx automated dry 
chemistry analysers were used for tests at Moruya Veterinary Hospital and a private veterinary 
practice close to Tiger Island, Dreamworld, Coomera. The full list of haematological, 
biochemical, and urinalysis variables analysed appears in Chapter Two in Tables 2.1 to 2.3. 
For each individual felid, clinicopathological data was plotted over time to demonstrate 
longitudinal sequential changes. Life outcomes were determined for each individual animal to 
demonstrate the clinical progression of CKD over time. Felids were excluded from this analysis 
if their cause of death was unknown or if no biochemical or urinalysis data from the 12 months 
prior to death could be located. 
3.2.2. Statistical analysis 
Detailed information was exported from the Individual Animal Records, 
Anaesthesia/Treatment Records, Haematological and Serum Biochemistry Reports, and 
Urinalyses tables of the custom-built Microsoft Access® database (see Chapter 2, Section 
2.1.1. Methodology) into Microsoft Excel® version 10 spreadsheets where the data was 
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collated and organised, then further imported into the required statistical analysis software – 
GenStat® 17th edition or GraphPad Prism® version 7.00. The RI for each species for each 
biochemical analyte were applied prior to data analysis (Appendix 2). For the purpose of 
categorising retrospectively the felid’s disease status at the time of each laboratory report, 
each report was assigned as either i) NORMAL, ii) CRI, or iii) CKD, based on the serum 
creatinine concentration in that report and the most recently measured USG (see Section 
2.2.3.3), then every biochemical analyte in that report was also assigned to that category. 
Extreme outliers (n=6 data points) were checked against the raw data and removed as invalid 
erroneous measurements, as they were too far outside the expected biological range of 
values. Descriptive statistics were calculated for felids with CKD, grouped by species, sex, 
cause of death, and body weight changes. Two-tailed Fisher’s exact tests were used to 
compare the interaction of sex (male vs. female) and causes of death (CKD vs. OTHER 
causes), by individual species. For serum biochemical analytes and PCV, descriptive statistics 
were calculated. Normality testing was conducted with the Shapiro-Wilk method. The spread 
and central tendency of each data set for each analyte was presented as median and the 
encompassing 2.5–97.5% percentiles (95% CI) of data. Absolute values, counts, and the 
percentage of samples within and outside the RI for each analyte were calculated. 
Comparisons of medians between outcome groups by disease status for each biochemical 
variable were conducted by one-way ANOVA on ranks by Kruskal-Wallis test, with Dunn’s 
multiple comparisons test performed to determine statistically significant differences. 
NORMAL was the reference criterion for comparison against CRI and CKD felids. Receiver 
operating characteristic (ROC) analysis was performed for USG and graphed in GraphPad 
Prism™ version 7.00. Comparisons of medians for USG between outcome groups were 
conducted by Mann–Whitney U test. With all statistical analyses, P<0.05 was taken to indicate 
significance. 
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3.3. Results 
3.3.1. Clinical features of CKD 
The prevalence of CKD as the primary cause of death across all ages in the Australian 
population of zoo felids between 1965 and 2015 was 7.1% overall (Table 3.1). However, while 
72/1015 felids across a variety of species had CKD as the primary cause of death, CRI or 
CKD was also identified in an additional 20 felids alive at the time the database was closed, 
and histopathological changes in kidney tissues at necropsy examination consistent with CKD 
were identified in a further 47 felids which died or were euthanised for OTHER reasons. Thus, 
the overall prevalence of CKD within the Australian population of zoo felids is best considered 
as being between 7.1% and 14% (139/1015). 
 Species  
The prevalence of CKD as a primary cause of death across all ages within sub-populations of 
individual species of felids (Tables 2.4, 3.1 and 3.2) differed significantly, with CKD reported 
as a highly prevalent cause of death in Asiatic lions (38%; 3/8), Bengal tigers (29%; 6/21), 
cheetahs (19%; 22/118), fishing cats (18%; 3/17), and Sumatran tigers (12%; 9/77).   
Species with a lower prevalence of CKD included tigers (10%; 4/40), jaguars (9%; 3/32), 
bobcats and caracals (8%; 4/51 and 3/38, respectively), leopards, cougars and Asian golden 
cats (6%; 2/31, 3/52 and 2/35, respectively), ocelots and servals (5%; 2/40 and 3/66, 
respectively), and lions (sub-species not specified) and African lions (1%; 1/115 and 1/116, 
respectively). CKD was not reported as a cause of death in leopard cats, jaguarundis, clouded 
leopards, Persian leopards, snow leopards, or Amur tigers. The frequency of CKD as a known 
cause of death among adult felids was also analysed due to its increasing prevalence with 
age (Chapter Two).
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Table 3.1 Prevalence of CKD and other causes of death as a percentage of the Australian population of zoo felids  
Species 
Total number 
of animals 
Death due to 
CKD 
OTHER known 
causes of death 
UNKNOWN fate 
or  
cause of death 
DIED at  
<2 years old 
ALIVE 
African lion   Panthera leo krugeri/senegalensis 115 0.87% 15% 14% 45% 25% 
Asiatic lion   Panthera leo persica 8 38% 38% 25% 0% 0% 
Lion    Panthera leo 116 0.86% 9.5% 41% 29% 19% 
Cheetah    Acinonyx jubatus 118 19% 14% 24% 24% 19% 
Bengal tiger   Panthera tigris bengalis 21 29% 29% 4.8% 4.8% 33% 
Amur tiger   Panthera tigris altaica 7 0% 14% 43% 43% 0% 
Sumatran tiger  Panthera tigris sumatrae 77 12% 2.6% 23% 29% 34% 
Tiger    Panthera tigris* 40 10% 18% 35% 30% 7.5% 
Bobcat    Lynx rufus 51 7.8% 14% 35% 43% 0% 
Caracal    Caracal caracal 38 7.9% 18% 50% 24% 0% 
Clouded leopard  Neofelis nebulosa 3 0% 67% 33% 0% 0% 
Cougar    Puma concolor 52 5.8% 15% 54% 19% 6% 
Fishing cat   Prionailurus viverrinus 17 18% 29% 35% 18% 0% 
Jaguar    Panthera onca 32 9.4% 38% 34% 19% 0% 
Jaguarundi   Puma yagouaroundi 3 0% 67% 33% 0% 0% 
Leopard    Panthera pardus 31 6.5% 13% 52% 29% 0% 
Persian leopard  Panthera pardus saxicolor 19 0% 26% 63% 11% 0% 
Leopard cat   Felis bengalensis 98 0% 5.1% 15% 80% 0% 
Northern lynx  Lynx canadensis 2 50% 50% 0% 0% 0% 
Ocelot    Leopardus pardalis 40 5.0% 25% 38% 33% 0% 
Serval    Leptailurus serval 66 4.6% 17% 27% 36% 15% 
Snow leopard  Uncia uncia 26 0% 27% 38% 7.7% 27% 
Asian golden cat  Catopuma temmincki 35 5.7% 23% 34% 37% 0% 
ALL FELID SPECIES COMBINED 1015 7.1% 16% 31% 34% 13% 
* includes hybrid tigers and tigers of unspecified sub-species  
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Table 3.2 Life and disease status, and known causes of death, by species and sex 
in adult felids in Australian zoos  
Felid Species 
Life Status Cause of Death 
ALIVE with 
NORMAL  
kidney function 
ALIVE with  
CRI or CKD 
CKD 
OTHER  
(with evidence 
of CKD as a  
co-morbidity) 
OTHER 
 M F M F M F M F M F 
African lion 14 11 3 1 1 0 1 2 6 8 
Asiatic lion 0 0 0 0 1 2 0 0 2 1 
Lion 8 12 1 1 0 1 1 1 2 7 
Cheetah 11 11 0 1 14 8 4 3 7 3 
Bengal tiger 2 1 3 1 4 2 1 2 1 2 
Amur tiger 0 0 0 0 0 0 0 0 0 1 
Sumatran tiger 9 12 2 3 7 2 1 0 1 0 
Tiger 2 0 0 1 2 2 2 1 2 2 
Bobcat 0 0 0 0 3 1 2 1 2 2 
Caracal 0 0 0 0 2 1 1 2 1 3 
Clouded leopard 0 0 0 0 0 0 1 1 0 0 
Cougar 0 1 0 2 1 2 2 0 2 4 
Fishing cat 0 0 0 0 0 3 1 1 2 1 
Jaguar 0 0 0 0 3 0 1 1 4 6 
Jaguarundi 0 0 0 0 0 0 0 0 1 1 
Leopard 0 0 0 0 1 1 0 1 2 1 
Persian leopard 0 0 0 0 0 0 0 0 2 3 
Leopard cat 0 0 0 0 0 0 1 1 1 2 
Northern lynx 0 0 0 0 0 1 1 0 0 0 
Ocelot 0 0 0 0 1 1 0 1 4 5 
Serval 3 6 0 1 2 1 1 1 5 4 
Snow leopard 3 4 0 0 0 0 2 3 1 1 
Asian golden cat 0 0 0 0 1 1 2 0 4 2 
SUB-TOTALS 52 58 9 11 43 29 25 22 52 59 
TOTALS 130 72 158 
M = male, F = female, CRI = chronic renal insufficiency.  
N.B. Immature felids and felids with unknown cause of death are not presented here, see Tables 2.4 and 3.1. 
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Of all adult felids with known causes of death, CKD was the primary cause of death in a 
substantial proportion of adult Sumatran tigers (82%; 9/11), cheetahs  
(56%; 22/39), Bengal tigers (55%; 6/11), Asiatic lions (50%; 3/6), Northern lynx (50%; 1/2), 
and fishing cats (38%; 3/8). Conversely, some species had a low frequency of adult death due 
to CKD, with only 11% (2/18) of African lions, 17% (2/12 each) of lions and ocelots,  
20% (3/15 and 2/10 respectively) of jaguars and Asian golden cats, 21% (3/14) of servals, and 
30% (3/10 each) of bobcats, caracals and cougars, dying of CKD. The numbers of adult felids 
and their known causes of death are presented by species and sex in Table 3.3 and illustrated 
graphically in Figure 3.1.  
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Figure 3.1 Frequency pyramid of known causes of death in adult felids, by species 
Chronic Kidney Disease  Thesis  Sydney School of Veterinary Science 
in Australian Zoo Felids  Rachel D’Arcy University of Sydney 
 
75 
 Sex 
The female: male sex ratio for adult felids across all species residing in Australian zoos from 
1965 to 2015 was 0.94:1. Across all species combined, there was a higher proportion of male 
felids with CKD (43/72; 60%) than of females (29/72; 40%), but there was no significant 
difference due to sex for risk of death due to CKD (P=0.1545), nor was there such a difference 
for any individual species (Table 3.3). 
Table 3.3 Causes of death, by sex, of all 337 adult felids in Australian zoos 
Felid Species 
Causes of Death P value 
*CKD vs. 
OTHER 
 
UNKNOWN CKD OTHER 
 n Male Female Male Female Male Female 
African lion 26 7 1 1 0 7 10 0.4444 
Asiatic lion 8 0 2 1 2 2 1 >0.9999 
Lion 26 7 7 0 1 3 8 >0.9999 
Cheetah 55 10 6 14 8 11 6 >0.9999 
Bengal tiger 13 1 0 4 2 2 4 0.5671 
Amur tiger 4 2 1 0 0 0 1 >0.9999 
Sumatran tiger 13 1 1 7 2 2 0 >0.9999 
Tiger 13 0 2 2 2 4 3 >0.9999 
Bobcat 19 6 2 3 1 4 3 >0.9999 
Caracal 17 5 2 2 1 2 5 0.5000 
Clouded leopard 3 1 0 0 0 1 1 >0.9999 
Cougar 18 2 5 1 2 4 4 >0.9999 
Fishing cat 9 1 0 0 3 3 2 0.1964 
Jaguar 19 1 3 3 0 5 7 0.2000 
Jaguarundi 3 0 1 0 0 1 1 >0.9999 
Leopard 9 1 2 1 1 2 2 >0.9999 
Persian leopard 6 0 1 0 0 2 3 >0.9999 
Leopard cat 13 4 4 0 0 2 3 >0.9999 
Northern lynx 2 0 0 0 1 1 0 >0.9999 
Ocelot 20 4 4 1 1 4 6 >0.9999 
Serval 17 2 1 2 1 6 5 >0.9999 
Snow leopard 10 3 0 0 0 3 4 >0.9999 
Asian golden cat 14 3 1 1 1 6 2 >0.9999 
TOTALS 337 61 46 43 29 77 81 0.1545 
*Effect of sex on cause of death: P values presented are for Fisher’s exact tests comparing the interdependence of  
cause of death (CKD vs. OTHER) and sex (male vs. female) by individual species. 
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 Age  
The age at death among felids which survived to maturity (≥2 years of age) was normally 
distributed across the entire felid population of Australian zoos, although death due to CKD 
had a bi-modal distribution with two peaks, at 14 and 18 years of age, due to the high 
proportion of cheetahs and fishing cats that died of CKD at an earlier age than did tigers and 
other species of felids. Histograms of age at death due to CKD, OTHER and UNKNOWN 
causes for all felid species combined, and by individual species for cheetahs, fishing cats, 
lions and tigers are presented in Figures 3.2 a) to e).  
2 4 6 8 1 0 1 2 1 4 1 6 1 8 2 0 2 2 2 4 2 6
0
1 0
2 0
3 0
A g e  a t  d e a th  (y e a rs )
N
u
m
b
e
r
 o
f 
fe
li
d
s
C K D
O T H E R
U N K N O W N
 
Figure 3.2 a) Age at death due to CKD, OTHER and UNKNOWN causes  
   in ALL FELIDS combined 
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    in  F IS H IN G  C A T S
Chronic Kidney Disease  Thesis  Sydney School of Veterinary Science 
in Australian Zoo Felids  Rachel D’Arcy University of Sydney 
 
78 
2 4 6 8 1 0 1 2 1 4 1 6 1 8 2 0 2 2 2 4 2 6
0
2
4
6
8
1 0
A g e  a t  d e a th  (y e a rs )
N
u
m
b
e
r
 o
f 
fe
li
d
s
C K D
O T H E R
U N K N O W N
F ig u re  3 .2  d )   A g e  a t  d e a th  d u e  to  C K D , O T H E R  a n d  U N K N O W N  c a u s e s
in  L IO N S  (a ll s u b -s p e c ie s  c o m b in e d )
0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 2 0 2 2 2 4 2 6
0
2
4
6
8
1 0
A g e  a t  d e a th  (y e a rs )
N
u
m
b
e
r
 o
f 
fe
li
d
s C K D
O T H E R
U N K N O W N
F ig u re  3 .2  e )   A g e  a t  d e a th  d u e  to  C K D , O T H E R  a n d  U N K N O W N  c a u s e s
in  T IG E R S  (a ll s u b -s p e c ie s  c o m b in e d )
 
Chronic Kidney Disease  Thesis  Sydney School of Veterinary Science 
in Australian Zoo Felids  Rachel D’Arcy University of Sydney 
 
79 
The mean and median ages of onset of CKD were 14.6 and 14.8 years respectively across all 
felids, and the mean and median ages of death due to CKD were 15.5 and 15.3 years 
respectively, but these varied considerably between species (Table 3.4). The age of onset of 
CKD could not be calculated for every felid, as a diagnosis of CKD was made in some cases 
at the time of euthanasia or afterwards. In these cases, the age at onset of CKD was equivalent 
to age at death due to CKD. 
Table 3.4 Mean and median age of onset or death due to CKD and OTHER diseases 
in adult felids, by species 
Species Age at onset of CKD  
(years) 
Age at death due to CKD 
(years) 
Age at death due to OTHER 
(years) 
Mean Median Mean Median Mean Median 
       
ALL 14.6 14.8 15.5 15.3 14.1 14.8 
       
African lion 16.5 16.5 16.5 16.5 14.7 15.1 
Asiatic lion 18.4 18.1 20.5 20.9 15.3 16.0 
Lion 12.3 12.3 12.3 12.3 17.5 18.8 
Cheetah 10.3 10.2 11.2 11.6 11.9 12.9 
Bengal tiger 13.5 16.0 14.4 17.2 13.2 14.2 
Amur tiger - - - - 11.0 11.0 
Sumatran tiger 15.3 15.7 18.7 19.2 10.4 14.6 
Tiger 15.3 15.7 17.1 16.9 14.9 13.0 
Bobcat 18.4 18.6 20.2 19.7 17.5 17.6 
Caracal 15.6 15.6 15.6 15.6 11.5 12.1 
Fishing cat 11.1 11.1 13.9 13.7 10.6 10.7 
Jaguar 21.2 21.2 21.2 21.2 17.2 18.5 
Leopard 18.1 18.1 18.7 18.7 15.0 15.3 
Northern lynx 21.1 21.1 21.5 21.5 14.9 14.9 
Cougar - - 17.0 17.3 10.8 11.9 
Ocelot - - 18.6 18.6 14.3 15.4 
Serval - - 16.1 13.2 13.7 14.2 
Asian golden cat - - 14.4 14.4 13.4 13.7 
Clouded leopard - - - - 16.2 16.2 
Jaguarundi - - - - 9.6 9.6 
Leopard cat - - - - 12.6 13.1 
Persian leopard - - - - 16.7 18.4 
Snow leopard - - - - 14.8 15.4 
Chronic Kidney Disease  Thesis  Sydney School of Veterinary Science 
in Australian Zoo Felids  Rachel D’Arcy University of Sydney 
 
80 
Cheetahs and fishing cats had an earlier onset and age at death due to CKD than other smaller 
felids in the subfamily Felinae. The median age of onset of CKD was 10.2 years for cheetahs 
and 11.1 years for fishing cats, compared to median ages of onset of CKD of 18.6 years for 
bobcats and 21.1 years for Northern lynx. The age of onset of CKD was more consistent within 
the Pantherinae, with median ages of onset of 15.7 years for tigers, 16.5 years for African 
lions, 18.1 years for Asiatic lions and leopards, and 21.2 years for jaguars.  
The median age for death due to CKD was higher than the median age for death by other 
causes in every species of felid, except lions (unspeciated) and cheetahs (Table 3.4). The age 
of onset of CKD for lions (mean and median age of 12.3 years) was derived from a single 
lioness (n=1) and no inference regarding this age is presumed to be applicable to the whole 
species. In cheetahs, CKD was highly prevalent and appeared to cause death at an earlier 
age (median 11.6 years) than other disease processes (median 12.9 years). Of 39 adult 
cheetahs which died with known causes of death, 56% (n=22) were due to CKD, 5% (n=2) 
were due to acute kidney injury, and 18% (n=7) were older cheetahs which died or were 
euthanised due to senescence, of which, 4/7 had kidney changes consistent with CKD 
reported at necropsy as an important co-morbidity. A further 19% (n=8) cheetahs died of 
conditions unrelated to CKD, including encephalitis (male, 3.3 years old), multi-organ 
lymphoma (male 14.7 years old), non-union of fractured right femur (female, 8.9 years old), 
suspected snake bite (male, 3.4 years old), and gastrointestinal disease including: intestinal 
perforation (male, 10.9  years old), pancreatitis (female, 9.8 years old; male, 11.7 years old), 
and hepatitis (male, 14.2 years old). Histopathological kidney changes consistent with CKD 
were also reported in 50% of the cheetahs which died of gastrointestinal diseases.  
The survival proportions for each species were graphed to demonstrate visually the 
proportions of adult felids (i.e. ≥2 years of age) that died due to CKD versus ALL and OTHER 
causes.  
Chronic Kidney Disease  Thesis  Sydney School of Veterinary Science 
in Australian Zoo Felids  Rachel D’Arcy University of Sydney 
 
81 
Survival proportions for individual species, including tiger sub-species, were plotted as death 
due to ALL CAUSES combined (solid black line), and compared to death due to CKD (thin 
blue line) and OTHER causes (dashed line), with individual cases of CKD outlined in open 
shapes in Figures 3.3: a) cheetahs; b) lions (all sub-species combined); c) tigers (all sub-
species combined); d) Sumatran tigers; e) Bengal tigers; f) Amur and other tigers (sub-species 
unspecified and hybrids); g) all leopards (including Persian sub-species); h) ocelots, i) serval; 
j) fishing cats; k) Asian golden cats; l) caracals; m) cougars; n) bobcats (also have dot-dot-
dash line for unknown causes of death); and o) jaguars.  
 
Figures 3.3 a) to o) Survival proportions for cheetahs; lions (all sub-species 
combined); tigers (all sub-species combined); Sumatran tigers; Bengal 
tigers; Amur and other tigers (sub-species unspecified and hybrids); all 
leopards (including Persian sub-species); ocelots, servals; fishing cats; 
Asian golden cats; caracals; cougars; bobcats and jaguars.  
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3.3.2. Clinical presentation of CKD  
 Clinical signs  
The most common clinical signs reported in the clinical records in association with the onset 
of CKD were lethargy (65%), inappetence (60%), polydipsia (58%), weight loss (56%), muscle 
wasting and hind limb weakness causing ataxia (32%), dehydration (32%), and polyuria (21%) 
(Table 3.5). There was a substantial difference between the reported rates of polydipsia (58%) 
and polyuria (28%), although these clinical signs are inter-dependent.  
Gastrointestinal signs secondary to uraemia were reported less frequently in zoo felids with 
CKD. Reduced appetite was readily appreciated (60%), but nausea, uraemic stomatitis, and/or 
halitosis were less easily discernible in zoo felids, and rarely reported in the clinical records. 
Vomiting was reported less frequently (19%). Haematuria was documented in 13% of clinical 
records of felids which developed CKD, and of these 6% were associated with urinary tract 
infection, 4% were associated with struvite or oxalate crystalluria (including three cases with 
nephroliths recorded at necropsy), 1% had crystalluria, bacteriuria, and pyuria recorded 
concurrently, and 2% were idiopathic. Blindness was an uncommon complication of CKD in 
felids, observed in only two felids (14.9 year old Northern lynx and 21.3 year old snow leopard) 
which died with CKD noted as a co-morbidity, although a causal association between CKD 
and blindness, such as renal hypertension and secondary target organ damage e.g. retinal 
haemorrhage or detachment, was not apparent from the clinical records.  
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Table 3.5 Clinical signs reported in association with the onset of chronic kidney 
disease 
Common clinical signs 
Reported in clinical history associated with onset of CKD 
Total counts* (/72) (%) 
Lethargy/depression 47 65 
Inappetence 43 60 
Polydipsia 42 58 
Weight loss 40 56 
Ataxia/hindlimb weakness 23 32 
Dehydration 23 32 
Polyuria 21 29 
Poor pelage 16 22 
Vomiting 14 19 
Haematuria 9 13 
* Only one occurrence of a clinical sign was tallied, even if that sign was reported repeatedly in the clinical record of a felid. 
 
 Change in bodyweight 
Weight loss associated with onset of CKD was noted in 56% of clinical records. The degree 
of weight loss was quantified for 45 felids for which body weights were available both prior to 
the onset of CKD and at the time of death, with 91% of these felids losing weight associated 
with the onset of CKD. The median weight loss, expressed as a percentage reduction from 
the individual felid’s peak body weight, was 14.6% (mean 13.9%; IQR 7.7–20%; range -14.8% 
[i.e. weight gain] to 33.8% [weight loss]). Four felids gained body weight (1%, 2%, 12%, and 
15% respectively). As this was a retrospective data set, and felids did not have body weight 
recorded at specific times prior to their death, the peak body weight for each individual was 
selected from a time frame between 1 and 5 years prior to death. The time frame over which 
weight loss was measured had a median of 2.4 years (IQR 1.5–3.6 years) prior to death. The 
percentage change in bodyweight associated with the onset of CKD was plotted in a scatter 
dot plot in Figure 3.4.  
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Figure 3.4 Individual bodyweight changes associated with the onset of chronic 
kidney disease, expressed as a percentage change from peak 
bodyweight 
The solid black horizontal lines represent the median (long) and IQR (short). 
 
 Serum biochemistry and haematological changes 
Serum biochemical analytes from 1,658 blood samples were tabulated for 324 felids across 
all age groups and disease statuses. Blood results from cubs (53 samples), were removed 
from the analysis as the young felids had slightly different ranges for biochemical analytes 
compared to adult felids. These young animals tended to have higher serum phosphate, 
calcium, and potassium concentrations, and lower total protein, sodium, and chloride 
concentrations than adult felids (Appendix 4). The collated data represented 17 different 
species, and each species had a different species-specific biochemical reference interval (RI) 
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for each analyte. A total of 1,594 serum biochemistry reports were available, although not 
every plasma/serum sample had each analyte reported in the respective laboratory reports.  
The serum biochemical analytes significantly influenced by the onset of CKD were creatinine, 
urea, inorganic phosphate, total protein and globulin, calcium, bicarbonate, chloride, 
cholesterol, and sodium (Table 3.6 and Table 3.7). Urea concentrations were elevated in 10% 
of specimens prior to the onset of hypercreatinaemia. Forty percent of cases with CRI had 
elevated serum urea concentrations, without concomitant elevation of creatinine. 
Hypercreatinaemia was associated with elevated urea concentrations in 80% of specimens. 
Total protein concentrations were elevated in 38% of specimens from CKD cases, which was 
mainly attributable to increases in globulins, as 26% were hyperglobulinaemic, while 92% of 
specimens from CKD cases had normal plasma albumin concentrations. Hyperphosphatemia 
was observed in association with hypercreatinaemia in 25% of specimens. 
Hypercholesterolaemia was also seen in association with CKD, with 24% of specimens 
showing elevated cholesterol concentrations associated with hypercreatinaemia. 
The onset of CKD was also associated with decreases in serum concentrations of important 
blood electrolytes, including chloride, bicarbonate, potassium, and calcium, which were 
reduced in association with 21%, 17%, 17%, and 9% of cases of hypercreatinaemia, 
respectively. 
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Table 3.6 Changes in clinical biochemical and haematologic variables associated 
with disease status in normal, chronic renal insufficiency (CRI), or  
chronic kidney disease (CKD) felids   
 
Clinical biochemical variables 
 
 
TOTAL NUMBER OF SAMPLES 
(n=1,594) 
NORMAL 
 
 
 
 
(n=1,319) 
CHRONIC RENAL 
INSUFFICIENCY 
(low USG,  
normal creatinine) 
 
(n=112) 
CKD 
 
(low USG, 
hypercreatinaemia) 
 
(n=163) 
        
 Status n % n % n % 
 increased 0 0 0 0 163 100 
creatinine normal 1310 100 108 100 0 0 
 decreased 0 0 0 0 0 0 
 n= 1310  108  163  
 
 increased 135 10 44 40 129 80 
urea normal 1141 88 65 59 33 20 
 decreased 23 2 2 2 0 0 
 n= 1299  111  162  
 
 increased 20 2 4 4 32 25 
phosphorus normal 1056 96 93 92 92 73 
 decreased 26 2 4 4 2 2 
 n= 1102  101  126  
 
 increased 35 3 6 6 8 6 
calcium normal 1011 94 82 87 106 85 
 decreased 29 3 6 6 11 9 
 n= 1075  94  125  
 
 increased 22 2 6 6 7 6 
potassium normal 985 94 82 88 90 77 
 decreased 39 4 5 5 20 17 
 n= 1046  93  117  
 
 increased 28 3 2 2 1 1 
sodium normal 974 95 87 94 107 91 
 decreased 21 2 4 4 10 8 
 n= 1023  93  118  
    
 increased 31 5 6 8 2 3 
bicarbonate normal 579 93 63 86 52 80 
 decreased 14 2 4 6 11 17 
 n= 624  73  65  
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Table 3.6 cont.  
 
Clinical biochemical variables 
 
 
TOTAL NUMBER OF SAMPLES 
(n=1,594) 
NORMAL 
 
 
 
 
(n=1,319) 
CHRONIC RENAL 
INSUFFICIENCY 
(low USG,  
normal creatinine) 
 
(n=112) 
CKD 
 
(low USG, 
hypercreatinaemia) 
 
(n=163) 
        
 Status n % n % n % 
 increased 5 1 2 2 2 2 
chloride normal 847 93 78 92 74 77 
 decreased 57 6 5 6 20 21 
 n= 909  85  96  
 
 increased 36 6 0 0 12 20 
anion gap normal 517 83 69 92 46 75 
 decreased 65 11 6 8 3 5 
 n= 618  75  61  
 
 increased 21 3 6 9 14 24 
cholesterol normal 642 91 58 87 41 69 
 decreased 42 6 3 4 4 7 
 n= 705  67  59  
 
 increased 40 3 3 3 5 4 
PCV normal 1085 95 105 95 122 94 
 decreased 20 2 2 2 3 2 
 n= 1145  110  130  
 
 increased 82 6 11 10 59 38 
total protein normal 1216 93 96 88 95 61 
 decreased 5 0 2 2 1 1 
 n= 1303  109  155  
 
 increased 21 2 1 1 7 4 
albumin normal 1277 97 104 93 150 92 
 decreased 21 2 7 6 6 4 
 n= 1319  112  163  
 
 increased 45 3 8 7 43 26 
globulins normal 1270 96 102 91 120 74 
 decreased 4 0 2 2 0 0 
 n= 1319  112  163  
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Table 3.7 Comparisons of the changes in central tendency and spread of clinical 
biochemical and haematologic variables associated with disease status 
in normal, chronic renal insufficiency (CRI), or chronic kidney disease 
(CKD) felids   
Serum 
biochemical 
analytes 
Disease 
Status 
Central tendency and data spread 
Group 
comparisons 
P value 
     
creatinine  median 2.5–97.5th percentile   
 Normal 196 103 — 315 Normal vs. CRI 0.0003 
 CRI 223 107 — 343 CRI vs. CKD <0.0001 
 CKD 467 260 -– 2190 Normal vs. CKD <0.0001 
 
urea  median 2.5–97.5th percentile   
 Normal 12.7 6.8 — 25.7 Normal vs. CRI <0.0001 
 CRI 16.1 5.9 — 44.6 CRI vs. CKD <0.0001 
 CKD 34.9 10.6 — 98.1 Normal vs. CKD <0.0001 
 
phosphorus  median 2.5–97.5th percentile   
 Normal 1.76 1.17 — 3.08 Normal vs. CRI 0.5261 
 CRI 1.70 0.89 — 3.44 CRI vs. CKD <0.0001 
 CKD 2.16 1.15 — 8.60 Normal vs. CKD <0.0001 
 
calcium  median 2.5–97.5th percentile   
 Normal 2.52 2.15 — 3.05 Normal vs. CRI >0.9999 
 CRI 2.51 1.99 — 3.41 CRI vs. CKD 0.1094 
 CKD 2.59 1.99 — 3.49 Normal vs. CKD 0.0104 
 
potassium  median 2.5–97.5th percentile   
 Normal 4.3 3.3 — 5.4 Normal vs. CRI 0.1859 
 CRI 4.2 3.1 — 5.7 CRI vs. CKD >0.9999 
 CKD 4.2 2.7 — 7.1 Normal vs. CKD 0.0221 
 
sodium  median 2.5–97.5th percentile   
 Normal 152 144 — 162 Normal vs. CRI 0.5240 
 CRI 152 129 — 161 CRI vs. CKD >0.9999 
 CKD 152 139 -– 160 Normal vs. CKD 0.5349 
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Table 3.7 cont.  
Serum 
biochemical 
analytes 
Disease 
Status 
Central tendency and data spread 
Group 
comparisons 
P value 
     
bicarbonate  median 2.5–97.5th percentile   
 Normal 17.0 10.3 — 24.0 Normal vs. CRI >0.9999 
 CRI 17.0 9.6 — 28.2 CRI vs. CKD 0.0015 
 CKD 15.0 6.7— 22.6 Normal vs. CKD <0.0001 
 
chloride  median 2.5–97.5th percentile   
 Normal 119 107 — 127 Normal vs. CRI >0.9999 
 CRI 120 97 — 129 CRI vs. CKD 0.0266 
 CKD 118 95 -– 129 Normal vs. CKD 0.0225 
 
cholesterol  median 2.5–97.5th percentile   
 Normal 4.6 2.0 — 8.6 Normal vs. CRI 0.1128 
 CRI 5.4 2.0 — 10.6 CRI vs. CKD >0.9999 
 CKD 5.4 2.0 — 10.8 Normal vs. CKD 0.0559 
 
PCV  median 2.5–97.5th percentile   
 Normal 41 27 — 53 Normal vs. CRI 0.0099 
 CRI 40 26 — 54 CRI vs. CKD 0.6538 
 CKD 39 26 -– 54 Normal vs. CKD 0.4065 
 
total protein  mean 2.5–97.5th percentile   
 Normal 72 57 — 88 Normal vs. CRI 0.3178 
 CRI 73 58 — 96 CRI vs. CKD 0.0001 
 CKD 78 60 -– 109 Normal vs. CKD <0.0001 
 
albumin  median 2.5–97.5th percentile   
 Normal 34 24 — 45 Normal vs. CRI 0.1399 
 CRI 33 19 — 44 CRI vs. CKD 0.4314 
 CKD 34 23 -– 46 Normal vs. CKD >0.9999 
 
globulin  median 2.5–97.5th percentile   
 Normal 37 23 — 54 Normal vs. CRI 0.0610 
 CRI 40 23 — 64 CRI vs. CKD 0.0016 
 CKD 44 30 -– 75 Normal vs. CKD <0.0001 
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 Disease progression 
There were 3,740 entries for medical treatments or anaesthetic events in the study database. 
There were 1,658 biochemistry reports tabulated for 324 felids, and 1,239 urinalysis reports 
for 215 felids, while 208 felids had both urinalysis and serum biochemical data available in 
their lifetime medical history. Of these, 58 were still alive, and 18 had been transacted and lost 
to ZIMS tracking before death. Only 116 dead adult felids had sufficient data to meet the 
stringent inclusion criteria for assessment of change in clinicopathologic measurements within 
the 12 months prior to death. CKD was the primary cause of death in 50/116 felids, with a 
variety of other causes of death in the other 66 felids. Of the 72 felids with definitive diagnosis 
of CKD as primary cause of death in Section 2.3.2, biochemical data were available for 55 
felids and urinalysis data available for 57 felids. These were overlapping subsets, with only 50 
felids having both biochemical data and urinalysis data available in their records from the 12 
months prior to death.  
Consistent features emerged when creatinine, urea, and USG were plotted over time for each 
individual felid, with or without CKD. 
3.3.2.4.1. Changes in serum creatinine and urea concentrations over time 
In felids that died of OTHER causes, serum creatinine and urea concentrations remained well 
within the ZIMS RI for that species and USG remained ≥1.035 for the animal’s entire life. 
Figures 3.5 a) to d) graphically present the results from four representative felids that died of 
causes unrelated to CKD, illustrate these trends. The blue bands highlight the species-specific 
RI for serum urea and creatinine concentrations, and the dotted line marks the USG threshold 
of 1.035. Not every blood sample collection was associated with a concurrent urine sample 
collection.
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Figures 3.5  a)– d) Longitudinal serum creatinine, urea and urine specific gravity 
(USG) measurements from four felids which died of OTHER causes
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In felids that died with CKD, the onset of azotaemia was defined by elevations in serum 
creatinine concentrations above the RI, with urea concentration frequently becoming elevated 
before creatinine concentration. Urea became elevated a median of 0.7 years prior to death 
(mean 1.2 years, IQR 0.03–2.1 years), whereas the elevation of creatinine occurred more 
abruptly, with the median time from onset of hypercreatinaemia to death of 0.2 years  
(mean 0.5 years, IQR 0.01–0.47 years). Sudden and rapid increases in serum creatinine and 
urea concentrations were associated with deterioration of the felid’s clinical condition, leading 
rapidly to euthanasia due to kidney failure. The data was skewed, with median values always 
being lower than mean values, because in 8/50 cases the onset of CKD was diagnosed on 
the day of death, i.e. the time from onset of azotaemia to death was 0 days. The onset of 
azotaemia was a late marker for the detection of CKD, and for 11/50 felids hypercreatinaemia 
was only evident in the blood specimen results taken on the day of death/euthanasia. 
3.3.2.4.2. Changes in urine specific gravity over time 
Loss of urine concentrating ability was consistently the first sign of developing CKD. In felids 
which died with CKD, USG always became inadequately concentrated (<1.035) prior to, or at 
the same time as, the onset of azotaemia. The median duration of loss of urine concentrating 
ability of USG <1.035, prior to the onset of azotaemia was 0.3 years (mean 1.2 years, IQR 
0.0–1.3 years), with the median onset of loss of concentrating ability occurring 1.2 years prior 
to death (mean 1.8 years, IQR 0.4–2.2 years). 
Figures 3.6 a) to d) illustrate these trends with results from four felids which died of CKD. The 
graphs of longitudinal trends in USG, serum urea, and creatinine concentrations for an 
additional 46 felids which died with CKD are attached in Appendix 3.  
Chronic Kidney Disease  Thesis  Sydney School of Veterinary Science 
in Australian Zoo Felids  Rachel D’Arcy University of Sydney 
 
98 
 
Figures 3.6 a)– d) Longitudinal serum creatinine, urea and urine specific gravity (USG) 
measurements from four felids which died of chronic kidney disease 
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Zoo felids with CKD or end-stage kidney failure very rarely exhibited isosthenuria, with only 
17/1239 USG data points in the database within the ‘classic’ isosthenuric range reported in 
the domestic cat of 1.008–1.012 [123, 240], although the feline range for isosthenuria has 
been alternatively described as 1.007–1.015 [78]. Six of those measurements were from 
neonatal animals, which do not acquire the ability to concentrate urine until after six weeks of 
age [241]. Three were in cases of AKI, and the remaining eight samples were isosthenuric 
due to loss of urine concentrating ability associated with CKD. Non-domestic felids rarely lost 
urine concentrating ability completely. The median USG for all urine samples from 
hypercreatinaemic felids was 1.019 (mean 1.020, IQR 1.016–1.023, range 1.012–1.032). 
Therefore, virtually all felids died before USG measurement entered the isosthenuric range of 
1.008–1.012.  
All available USG values in the 24-month period prior to death for felids which died of CKD or 
OTHER causes were tabulated and plotted graphically (Figure 3.7). In felids which died of 
CKD, 186 urine samples were available. The median USG value was 1.022 (mean 1.026, IQR 
1.018–1.032, range 1.008–1.070) for felids whose ultimate fate was death by CKD within 2 
years. In felids which died of OTHER causes (143 urine samples), USG values in the last 24 
months of life were also tabulated, with a median USG of 1.042 (mean 1.044, IQR 1.036–
1.050, range 1.012–1.080). The differences between median USGs in the CKD and OTHER 
groups in the 24 months prior to death were statistically significant (P<0.001).  A smaller 
subset of felids which died of CKD with USG measurements available within the 12 months 
prior to death demonstrated that USG measurements were within the range 1.015–1.025 up 
until the time of death. 
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Figure 3.7 Comparison of urine specific gravity (USG) measurements within the  
24 month period prior to death, for felids that died from CKD and OTHER 
causes 
Scatter dot plot of all individual USG measurements. A dotted line marks the threshold USG of 1.035. The black 
line and bars represent the median (long line) and the interquartile ranges (short lines), and the blue shaded area 
represents the isosthenuric range for USG (1.008–1.012). 
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There was noticeable overlap in the ranges of USG values for felids that died with CKD and 
with OTHER diseases. This was possibly due to some felids that died of OTHER causes 
having CKD as a co-morbidity, causing inadequately concentrated urine (15%, 22/143 urine 
samples), in their last 24 months of life. Similarly, some felids with CKD had individual USG 
measurements above the threshold of 1.035, as 17% (31/186) of urine samples collected 
within 24 months prior to death were adequately concentrated. In felids with CKD, a pattern 
does occur where an isolated urine sample may be adequately concentrated (Figures 3.6 and 
Appendix 3), but the overall trend for that felid was to have urine that was more persistently 
inappropriately dilute. While USG may be a useful biomarker for the development of CKD at 
least 24 months prior to death, there can be significant lability between any isolated USG 
measurements, prompting the recommendation that USG be monitored frequently and 
serially. 
Determination of a diagnostic threshold for USG was made by calculating the Receiver 
Operating Characteristic (ROC) curve of USG values in the 24 months before death for felids 
that died of CKD or OTHER causes, with the gold standard of diagnosis of CKD made at 
necropsy examination. As a single clinical measurement, USG ≤1.035 was shown to have 
82% sensitivity and 84% specificity for the prediction of development of CKD as cause of death 
and, for USG as a single ‘rule-in’ test for positive diagnosis of CKD, specificity was greater 
than 90% (CI: 83.9% to 94.46%) for all USG ≤1.030 (Figure 3.8).  
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Figure 3.8 Receiver Operating Characteristic curve of urine specific gravity (USG) 
measurement thresholds for diagnosis of chronic kidney disease 
 
Chronic kidney disease was the major identifiable cause of lowered USG in the adult felids in 
this study. Other causes of inappropriately dilute urine, such as diabetes mellitus, diabetes 
insipidus, hyperthyroidism, hyperadrenocorticism, post-obstructive diuresis, and iatrogenic 
PD/PU (e.g. caused by corticosteroids, diuretics, or progestins), were investigated from clinical 
histories and biochemical results, but were not in evidence. Pyometra, which is a diagnostic 
possibility for inappropriately dilute urine because bacterial endotoxins impair renal tubular 
function by reversibly blocking the action of anti-diuretic hormone (ADH) [242-244], was noted 
in three females.  
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Variations did occur from these characteristic patterns of elevated urea and creatinine 
concentrations with loss of urine concentrating ability. Amongst felids that died of CKD, two 
cheetahs and one cougar that were azotaemic and had clinical signs consistent with CKD, did 
not develop lowered USG prior to death, and these felids had moderate chronic 
glomerulonephritis reported at necropsy examination. Only one female cheetah had UP:C 
measurements available and was borderline proteinuric (UP:C 0.19–0.44) within the last  
48 months of life. Additionally, one Asian golden cat and a Sumatran tiger did not become 
hypercreatinaemic prior to death, although USG was lowered, serum urea concentrations 
were elevated, and clinical signs of CKD and histopathological changes consistent with CKD 
were reported at necropsy. Three felids which died of OTHER causes were azotaemic at their 
time of death, i.e. a cheetah which died of gastrointestinal perforation, a Bengal tiger which 
died of catastrophic mesenteric torsion, and a female Amur tiger which died of pyometra. 
Azotaemia was presumed to have been pre-renal in these cases as the kidneys of these 
animals were normal at histologic examination. An African lion which died of suspected snake 
bite at Taronga Western Plains Zoo, Dubbo also presented with dark urine, isosthenuria, and 
azotaemia. Its kidney tissues showed evidence of tubular necrosis on histologic examination. 
Hypotension, myopathy, and coagulopathy resulting in myoglobinuria and acute renal tubular 
necrosis have been reported as associated with Australian elapid snake envenomation [245-
247].  
Several older animals which did not die primarily of CKD had evidence of renal insufficiency 
(inadequately concentrated urine with USG <1.035). This subset of felids with CRI included 
one tiger euthanised with osteosarcoma, a Sumatran tiger with splenic lymphoma, a fishing 
cat with urothelial carcinoma of the bladder, and several geriatric animals such as two lions, 
an Asiatic golden cat, a Northern lynx, a cougar, and an ocelot. Also, a 21 year old tiger which 
died of encephalitis was azotaemic, with USG of 1.019 at the time of death, i.e. the tiger had 
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CKD as an important co-morbidity, but neurological disease was the primary reason for 
euthanasia. 
3.4. Discussion 
Chronic kidney disease has a prevalence of 7–14% in the felid population of Australian zoos, 
with 2% of all lions, 12% of Sumatran tigers, 19% of cheetahs, and 29% of Bengal tigers 
affected. It was the primary cause of death in approximately one-third of adult felids. The sub-
populations of Bengal and Sumatran tigers had very different frequencies of CKD (6/21 and 
9/77 respectively), likely attributable to the historically small numbers of Bengal tigers in 
Australia (n=21) and the larger proportion of Sumatran tigers which either did not survive to 
adulthood (20/77) or had an undetermined fate (18/77). When the cause of death in adult felids 
was evaluated, 82% of adult Sumatran tigers died of CKD, and it was the most common cause 
of death in adult cheetahs (56%), Bengal tigers (55%), and Asiatic lions (55%). However, in 
species with small sample sizes such as Asiatic lions (n=8), clouded leopards (n=3) and 
Northern lynx (n=2), prevalence rates of CKD should be interpreted with some caution. Given 
the small sample sizes, an occurrence of CKD in a few individuals has the potential to skew 
the calculations of prevalence, and general trends should not be inferred.  
The constellation of clinical signs seen in non-domestic felids in this study presented a different 
pattern to that reported in zoo medicine texts [72] or domestic cats [76, 99, 136, 207].  
Wack [72] cited polyuria, polydipsia, decreased appetite, weight loss, poor pelage, excessive 
salivation, oral ulceration, vomiting, and dehydration as common signs in non-domestic felids 
with CKD, whereas in this study, felids with CKD most commonly presented with 
lethargy/depression, inappetence, polydipsia, weight loss, and hindlimb weakness/ataxia. 
Stated from the alternate perspective, the clinical signs of polyuria, dehydration, vomiting, and 
poor pelage were not reported in 68–87% of felids.  
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A recent study of CKD in another large carnivore species, the polar bear [111], demonstrated 
similarities between captive polar bears and non-domestic felids. The most commonly 
recorded clinical signs of uraemic syndrome in polar bears, in decreasing order of prevalence, 
were lethargy, inappetence, polyuria/polydipsia, tachypnoea, vomiting, weight loss, and 
ataxia. This differs from the current study of felids, where tachypnoea was not investigated as 
a clinical sign and ataxia (weakness) was more prevalent.  
The relative frequency of certain clinical signs is likely to be due to the management and 
husbandry of predatory felids. From zoo records it was apparent that appetite and food 
consumption were major indicators of demeanour, so inappetence was noticed frequently, and 
clinical signs which could be observed readily from a distance were also the most commonly 
recorded signs. The discrepancy between reporting rates of polydipsia and polyuria 
associated with CKD in felids may be due to the nature of zoos, where animals are not 
observed continuously, and where many are housed extensively on open ranges where their 
toileting habits are not monitored as closely as those of domestic cats living in houses, where 
owners often notice details like how heavy and wet the cat litterbox becomes. It would be 
intuitive to assume that the observed polydipsia is invariably associated with polyuria, but that 
this was not being noted in the clinical record. Polyuria may be occult and occurs throughout 
both the day and night. Nocturia is a clinical sign of CKD in humans [248, 249]. 
Endocrinopathies (e.g. diabetes mellitus, hyperthyroidism, or hyperadrenocorticism) were rare 
in felids in this study, therefore polydipsia and polyuria are strongly suggestive of CKD. 
Pyometra, reported in three females, was the other disease condition commonly noted as a 
cause of polydipsia.  
Ataxia or ‘weakness’ was a commonly observed clinical sign, which may be due to the loss of 
lean body mass, i.e. muscle mass, associated with the progression of CKD in felids. An 
average weight loss of 14% was seen in 91% of felids for which body weight trend data were 
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available. While weight loss was frequently reported, muscle wastage was infrequently noted 
in felid records, but it may present clinically as weakness consequent to the associated loss 
of muscle mass. Sarcopaenia, cachexia, and protein energy wastage (PEW) syndrome are 
increasingly recognised as part of the constellation of clinical signs associated with CKD in 
domestic animals and humans [106-109]. Cachexia is defined as the loss of lean body mass 
associated with diseases of chronicity and is due to chronic negative energy balance and the 
activation of catabolic processes. Sarcopaenia is loss of muscle mass and muscle fibre 
volume associated with ageing and is a degenerative condition which occurs in the absence 
of disease. It is attributed in part to reduction of physical activity and reduced protein synthesis 
in ageing animals. In diseases such as CKD which affect older animals these conditions are 
often concurrent  [109, 250, 251]. A decline in body weight is natural in older domestic cats 
[252], and findings associating body weight change and ataxia have prompted 
recommendations that the nutritional plane for felids with CKD needs to be closely monitored 
and adjusted as necessary to minimise weight loss. Cachexia is an independent risk factor for 
mortality in humans, dogs, and domestic cats [109].  
The biochemical changes seen in this study demonstrate that potassium (K+) depletion occurs 
in felids with CKD. This may also be responsible for some degree of muscular weakness, 
although hypokalaemia was only evident in 17% of azotaemic felids and was not severe 
enough to result in clinical signs, as K+ values were not significantly different between felids 
with and without CKD. The classic presentation of hypokalaemic myopathy in domestic cats 
is ventroflexion [104, 105], which was not reported in this study, and therefore hypokalaemia 
is less likely to be responsible for the hind limb weakness observed in these felids. Spondylosis 
was a common co-morbidity in aged felids and it may be a concurrent condition exacerbated 
by the sarcopaenia and cachexia associated with CKD.  
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Anaemia was not a common finding in non-domestic felids with CKD. The pathophysiological 
process which drives anaemia caused by kidney failure is likely to be similar across all species. 
The kidney is responsible for synthesis of erythropoietin in the peritubular capillary endothelial 
cells of the cortex and outer medulla [253], and this is one of the myriad of kidney functions 
adversely affected as the kidneys fail. One possible reason for the lack of apparent anaemia 
may be an artificial elevation of PCV caused by dehydration. However, a concomitant increase 
in blood albumin, globulin, total protein, and sodium would also be expected, none of which 
were demonstrated, and hyperalbuminaemia was not a feature of this study cohort (Table 3.8).  
Table 3.8 Summary of biochemical and serum electrolyte changes seen in 
association with the onset of chronic kidney disease in non-domestic 
felids, and the percentage of samples demonstrating this change  
Biochemical and electrolyte changes compared to the reference interval for clinically normal felids,   
and (percentage of samples demonstrating this change) 
INCREASED (%) DECREASED (%)) UNCHANGED (%) 
creatinine (100) 
urea (80) 
phosphorus (25) 
anion gap (20)  
cholesterol (24)  
globulins (26) 
total protein (38) 
calcium (9) 
potassium (17) 
bicarbonate (17) 
chloride (21) 
haematocrit (94) 
albumin (92) 
Secondly, the precipitous onset of CKD in zoo felids and the short duration of decompensated 
kidney failure (from time of onset to death) may be a reason why a disease of chronicity such 
as non-regenerative normocytic normochromic anaemia does not have time to manifest in 
non-domestic felids with CKD. Non-regenerative anaemia has been reported in association 
with late-stage CKD in domestic cats, with a documented incidence between 18–65%, 
depending on the stage of CKD [76, 114, 117, 254] and low red blood cell count is an 
independent risk factor for reduced life expectancy with CKD.  [76, 99, 120, 255]. Normocytic 
normochromic non-regenerative anaemia was also commonly reported in captive polar bears 
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that died of end-stage renal disease [111], however this appears not to be the case in captive 
non-domestic felids, which had a prevalence of anaemia of only 2% amongst azotaemic felids.  
Traditionally, urea is considered a less reliable diagnostic marker of renal function because 
serum concentrations are more susceptible to external influences like protein meals or 
gastrointestinal bleeding. However, in this study increased serum creatinine concentration 
was a late biomarker for CKD, with the onset of clinical signs and evidence of impaired urine 
concentrating ability preceding the onset of hypercreatinaemia, and serum urea 
concentrations becoming elevated in 40% of felids prior to elevation of creatinine 
concentrations. The time from onset of hypercreatinaemia to death due to CKD was short 
(median 0.2 months). These results present a very important practical conclusion, that in the 
early stages of CKD performing general anaesthesia for blood collection to assess kidney 
function is unlikely to provide additional useful clinical information because creatinine is 
unlikely to be elevated at that stage. New assays using symmetric dimethylarginine (SDMA) 
hold promise for earlier detection of CKD using blood as the diagnostic specimen, although 
this study concluded before the introduction of the test commercially in Australia, and no 
SDMA results were recorded for any felid in this study.  
Routine blood tests provide confirmatory evidence of CKD, but only when it has reached an 
advanced stage. Monitoring the kidney function of zoo felids using only blood measurements 
is thus probably ‘too little, too late’. Blood tests are performed for health screening and 
diagnosis of an array of diseases affecting other body systems, but collection of voided urine 
from clean inert surfaces is easy and cost-effective, and is associated with less risk than blood 
collection under GA. For felids with renal insufficiency, regular urinalyses, particularly USG 
measurements, are likely to detect functional renal changes just as effectively as measuring 
creatinine and urea concentrations in serum, but without the requirement for anaesthesia. The 
use of voided urine to prospectively monitor for CKD is explored in detail in Chapter Seven. 
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In healthy felids, serum creatinine and urea concentrations remained well within the normal RI 
for most of their lives, whereas for those felids which developed CKD, creatinine 
concentrations increased incrementally to the top end of the normal RI, but remained within 
the normal RI (i.e. not azotaemic) until very close to the point of death, when the creatinine 
concentration increased precipitously as decompensated kidney failure ensued. In all cases 
where USG and serum biochemical data was available, urine became inappropriately dilute 
at or before the onset of clinical disease, although it very rarely reached the isosthenuric range 
(1.008–1.012). This is not comparable to results from domestic cats, where 50% of domestic 
cats with progressive CKD developed USG <1.016 [76, 136, 177]. Some renal concentrating 
ability is persistent in non-domestic felids with CKD, because from the subset of felids which 
died of CKD with USG tested within 12 months prior to death, USG measurements were within 
the range 1.015–1.025 up until the time of death. Maintaining the expectation that captive 
felids will become isosthenuric as a manifestation of CKD is unrealistic and erroneous. 
Determination of the ROC curve for USG as a diagnostic tool confirmed that consistent 
lowering of USG below the threshold of 1.035 should be considered as being of immediate 
clinical significance and as evidence of the onset of CKD, and that the lower USG threshold 
of ≤1.030 is >90% specific for CKD as a ‘rule in’ test.  
The number of USG data points and serum biochemistry tests were compared. In the 
database there were 1,197 USG data points recorded, 1,581 data points for serum creatinine 
concentration, and 1,572 for serum urea concentration. This indicates that USG was an 
underutilised assessment parameter in Australian zoos, because urine was not collected 
during 30% of the opportunities to do so, when blood was collected under GA. This would 
prompt the recommendation that urine be collected at every time-point when blood is 
collected. It is further recommended that urine be collected at the start of any general 
anaesthetic procedure, to minimise the osmotic diuretic effect seen with α2 adrenoreceptor 
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agonists [256-259], and prior to the initiation of intravenous fluid administration. Given the 
prevalence of CKD in zoo felids revealed in this study, regular urine collection should be a 
mandatory procedure for monitoring kidney function, serially and non-invasively. Moreover, 
opportunistic collection of voided urine is easy, inexpensive, can be performed frequently, and 
does not require human-animal contact. 
Increasing plasma concentrations of creatinine, urea, and phosphate, and lowered 
haematocrit, are negatively associated with survival and are all risk factors for progression of 
CKD in domestic cats and laboratory rodents [114, 117, 120, 260]. 
Hyperphosphataemia was common in felids with CKD, with 25% of blood samples having 
serum phosphate concentrations elevated above the upper level of the published RI for their 
species. Hyperphosphataemia, correlated with elevated parathyroid hormone (PTH) 
concentrations (renal secondary hyperparathyroidism), is one of the few parameters to be 
consistently and independently shown as associated with reduced life expectancy, and it is an 
independent risk factor for mortality due to CKD in humans, cats, dogs, rodents, and polar 
bears [111, 115, 116, 118, 136, 191, 207, 261, 262]  .  
Secondary renal hyperparathyroidism is reported as a common complication associated with 
CKD in several species, caused by kidneys failing to excrete excess dietary phosphorus. 
Hyperphosphataemia causes a decrease in blood calcium concentrations because calcium 
binds with excess phosphate to form calcium phosphate salts, which can cause metastatic 
mineralization of tissues. Hyperphosphataemia and hypocalcaemia both ‘feedback’ into 
parathyroid glands to cause increased secretion of parathyroid hormone (PTH), which 
mobilises osteoclasts to release calcium from bones and increases phosphorus reabsorption 
through the proximal convoluted tubules and distal collecting ducts [263-265]. Mineralisation 
of renal medullary tubules is commonly seen on necropsy examination of zoo felids (Chapter 
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Six, [69, 70, 91]). Hyperphosphataemia can be medically managed with oral administration 
three times daily of oral phosphate binders such as aluminium hydroxide or calcium salts. 
Chapter Five discusses in detail the use of oral phosphate binder therapy in zoo felids.  
Derangements in blood calcium levels were not common. Hypocalcaemia had a low incidence 
of 9% of cases with azotaemia, and was associated with increased phosphate levels in 45% 
of cases. Only 25% of cases of hyperphosphataemia were associated with concomitant 
hypercalcaemia. Most cases of hypercalcaemia were in normophosphataemic animals. 
Ionised calcium measurements were not available for this retrospective cohort, and no 
predictions for ionised calcium concentrations based on total serum calcium measurements 
are inferred, as there is diagnostic discordance between the two serum fractions in domestic 
cats [266]. Hypercalcaemia is a recognised sequela of CKD, reported in up to 30% of cats with 
advanced CKD in some studies, but not in others [85, 99, 118]. Calcium is tightly controlled in 
the body. Renal secondary hyperparathyroidism, as evidenced by increased PTH levels, 
causes calcium to be released due to bone resorption and can lead to ectopic tissue 
mineralisation. Albumin levels are correlated with calcium levels because ionised calcium is 
protein-bound. Increased PTH is commonly associated with moderate to severe CKD [118]. 
Approximately one-third of hyperphosphataemic samples (10/32) were associated with 
hyperglobulinaemia. ‘Pseudohyperphosphataemia’ is recognised as an artefactual process 
whereby blood samples with hyperglobulinaemia produce spuriously elevated blood 
phosphorus readings when run in automated processors. After the protein is removed by 
precipitating it out of solution, phosphate readings are normal [267, 268].  
Hyperproteinaemia was commonly seen in association with CKD, being observed in 38% of 
azotaemic felids, mainly due to hyperglobulinaemia. This is in contrast to domestic cats, where 
hyperproteinaemia associated with azotaemia is generally attributed to dehydration causing 
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hyperalbuminaemia as blood water concentration is reduced [76]. In this study, 92% of 
azotaemic felids had normal serum albumin levels, thus it can be concluded that either these 
felids were not persistently dehydrated, or that albumin is not the appropriate biochemical 
measurement to demonstrate the condition. Hypoproteinaemia is rare in non-domestic felids 
and domestic cats.  
Globulins are considered to be a marker of chronicity because they are influenced by 
inflammatory and infectious processes which stimulate production of acute-phase proteins 
and immunoglobulins [202, 240, 269]. Rather than providing evidence of dehydration, elevated 
blood levels of globulins may provide some evidence of undetermined inflammation 
contributing to reduced kidney function. In this study, 26% of CKD felids were 
hyperglobulinaemic, but changes in levels of globulins have not been reported as significant 
in the progression of CKD in domestic cats [99, 136]. 
Hypokalaemia was seen in 19% of cases with CKD, although there was no significant 
difference seen in serum potassium levels between normal felids (median 4.3; IQR 4.1–4.6 
mmol/L) and felids with CKD (median 4.2; IQR 3.8–4.6 mmol/L). In domestic cats, 
hypokalaemia is often attributed to vomiting, but vomiting was infrequently observed in zoo 
felids with CKD and is less plausible as a cause of K+ ion loss. Hypokalaemia may be 
attributable to urinary loss due to renal disease or reduced intake due to inappetence, and it 
can independently contribute to tubulointerstitial nephritis [103-105, 270, 271]. Hypokalaemia 
has been reported to occur in 10–30% of domestic cats with CKD [76, 78, 99] and it can 
contribute to the development of anorexia, depression, and muscle weakness independently 
of CKD [272]. In one study in domestic cats, a reversal of potassium balance was observed, 
from hypokalaemia being more common in the earlier stages of CKD, to hyperkalaemia being 
more common in advanced end-stage CKD [99].  
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Blood bicarbonate levels were also commonly lowered, occurring in 17% of azotaemic felids. 
The CO2 combining power of the blood is generally lowered in metabolic acidosis, because 
basic anions buffer blood pH to maintain homeostasis. Metabolic acidosis is reported to occur 
in over half of cats with advanced CKD [76, 98, 250], but acid-base disturbances are extremely 
uncommon in cats with only mild to moderate CKD [250]. Metabolic acidosis is technically 
exacting to measure in practice, as the measurement of blood pH and blood gases must be 
done quickly after blood collection. Anion gap calculations (as the sum of the sodium and 
potassium ion concentrations minus the sum of the chloride and bicarbonate concentrations 
[i.e. anion gap = (Na+ + K+) – (Cl- + HCO3-)] can give some indication of metabolic acidosis due 
to loss of buffering bicarbonate ions in the blood.  
Hypochloraemia was reported in 21% of zoo felids with CKD, while hyponatraemia was 
uncommon (8%). There is no consensus on changes in plasma sodium levels, with hypo-
natraemia, normonatraemia, and hypernatraemia all reported in domestic cats with CKD [76, 
85, 250].  The observation of hypochloraemia in one-fifth of non-domestic felids with CKD is 
consistent with findings in domestic cats, where hypochloraemia is commonly noted with the 
progression of CKD [99, 250]. The loss of chloride ions has been hypothesised as caused by 
one of several mechanisms. Chloride ion loss occurs through the urine, and this is supported 
by urinary fractional excretion measurements showing that urinary chloride ion excretion 
increases in CKD [188, 273, 274]. Alternatively, chloride ions may be lost through the 
gastrointestinal tract, possibly due to hypergastrinaemia, which has been shown to occur in 
severe CKD in domestic cats. In metabolic acidosis, this results in increased secretion of 
hydrochloric acid (HCl) in the stomach [275] or in the terminal portion of the gastrointestinal 
tract where the epithelium of the colon is capable of exchanging chloride and bicarbonate ions 
and reabsorbing bicarbonate ions to preserve buffering ability [276]. In those 
hypercreatinaemic cats with low bicarbonate, serum chloride concentrations were normal for 
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the majority, indicating the presence of the normochloraemic metabolic acidosis typical of 
azotaemia [251, 277, 278].  
Electrolyte derangements and hypercholesterolaemia were almost mutually exclusive. All 
electrolytes were normal in cases of hypercholesterolaemia, except for two samples exhibiting 
hypokalaemia. Hypercholesterolaemia was observed in approximately one-quarter of zoo 
felids with CKD, however the changes in levels only approached significance (P=0.0559). 
Hypercholesterolaemia has been attributed to glomerular disease but appears to be a non-
specific finding in cats with CKD, regardless of cause, and may be due to changes in catabolic 
state associated with CKD. In human and rat models there is evidence that dyslipidaemia is 
associated with progression of CKD and that an abnormal serum lipid profile is present in the 
earliest stages of albuminuria before GFR changes occur or clinical manifestations of 
glomerular disease are observed. Hyperlipidaemia has been documented in association with 
kidney disease in a cheetah [279]. Hyperlipidaemia accelerates the progression of renal 
disease in rat models [280] and in humans, where elevated cholesterol levels are an 
independent risk factor for end-stage renal disease [281]. There is evidence that statins delay 
the mortality endpoint in renal disease, and their use as a therapy in the future may be worth 
investigating [282]. Hypercholesterolaemia occurs commonly (72–84%) in cats with CKD, 
usually in the later stages of disease [76, 99]. However, older cats may generally have higher 
cholesterol levels, i.e. age may be a risk factor for hypercholesterolaemia independently of 
kidney disease. In humans and dogs, it is well demonstrated that dyslipidaemia due to 
metabolic derangements accompanies renal disease [283-287].  
The survival proportions varied between the individual species of non-domestic felid. In 
species with a high prevalence of CKD, such as cheetahs, the survival curves showed a 
consistent and smooth decline between the ages of 10 to 15 years. Similarly, in species with 
a low prevalence of CKD such as lions, ocelots and servals, deaths due to CKD did not 
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strongly influence the shape of the overall survival curve. In species such as Bengal and 
Sumatran tigers, the survival curves were initially flat, then showed a precipitous decline in 
survival proportions with advanced age. This pattern is consistent with other findings, that CKD 
is a disease of older felids, and results in a higher median age at death. The onset of CKD is 
insidious, producing an abrupt decline in survival proportions in older animals. 
The presentation of CKD in the Australian population of zoo felids has both similarities and 
differences to the presentation of CKD in Australian domestic cats. The median age of death 
of the domestic cat, Felis catus, is 14 years, with a maximum lifespan of approximately 18–20 
years [288, 289]. Similarly to zoo felids in this study, Australian domestic cats with CKD were 
diagnosed at a median age of 14 years [77].  
In endangered species, a high prevalence of CKD becomes an important disease 
consideration if it impinges on the reproductive competence of the felids maintained in 
captivity. However, the results of this study show that in Australian zoos, CKD affected older, 
post-reproductive felids, with a median age of onset of 14.8 years. The prime reproductive 
period for Bengal tigers is between 3 and 11 years of age [290], with similar reproductive 
spans reported in other Pantherine species [1]. The oldest female breeding ages reported 
were 18 years in a snow leopard [1] and 14 years in a Bengal tiger [290]. Only in cheetahs did 
death from CKD result in reduced life expectancy compared to death from other causes. The 
prevalence of CKD in cheetahs is very high (56%), and their fertility is affected by many other 
genetic factors, so at this stage, it is difficult to determine whether CKD has a deleterious effect 
on the reproductive success of this species in captivity.  
Unlike in domestic cats, which can take more than 12–24 months to progress from early (IRIS 
Stage 2) CKD to end-stage kidney failure (IRIS Stage 4), in zoo felids the time from onset of 
azotaemia to death was very rapid. It is difficult to superimpose the IRIS grading system for 
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domestic cats onto zoo felids, because the IRIS grading system is based on creatinine levels 
which are species-specific to the domestic cat Felis catus. To be applicable to each species 
of zoo felid, an individualised creatinine RI by species would need to be developed for each 
stage of CKD and, likewise, thresholds for loss of renal concentrating ability would need to be 
established, as has been attempted in this thesis. 
It is a limitation of this study that the combined blood results were produced at 15 different 
laboratories over a 50-year time period. Laboratory best practice dictates that RIs are not 
interchangeable between laboratories unless they are known to be using the same 
instrumentation, reagents, and analytical methods, and that the transfer of RI between 
laboratories requires a series of validation tests, using split samples, to correlate the results 
from different laboratories [202, 291]. Unfortunately, such a perfect standard is unrealistic in 
the zoo context. The RIs used in this study were species-specific published RIs sourced from 
ZIMS, the largest database of RI used by zoo veterinarians globally, and while values and 
reference ranges obtained by different laboratories cannot be considered to be 
interchangeable, some degree of uniformity can be assumed. Assumptions to the contrary 
would entail throwing into doubt the validity of automated blood analysis in veterinary medicine 
generally, by suggesting that the differences between analysers result in significant 
proportional bias that prevents sample results from different laboratories being comparable   
[292]. 
The ZIMS RI for individual zoo felid species may possibly be wider than expected, compared 
to the IRIS guidelines for the domestic species Felis catus, as the IRIS guidelines have been 
generated by consensus and the meta-analysis of 30 years of published literature. The upper 
threshold of the RI for serum creatinine in zoo felid species may be artificially high because of 
the manner in which RI for zoo species are generated. The ZIMS database compiles blood 
test results from 236 zoological institutions, encompassing approximately 120,000 animals 
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categorised as ‘normal’, but of diverse ages, bodyweights, and sex, across over 900 species 
from all around the world, to create species-specific RI. For analytes such as creatinine, 
muscle mass can account for significant biological variation in values. Also, for some species 
such as tigers and cheetahs, where kidney disease is very prevalent, felids with sub-clinical 
disease may have been included, thereby skewing the RIs and giving thresholds for azotaemia 
which are too high. 
It is a limitation of this study that much of the data was compiled over a large time-scale, 
produced by different examining veterinarians, recorded at different institutions, and based on 
test results produced by different laboratories. The one consistent aspect of this study is the 
felids themselves, and it is a strength of the study that the life histories of each felid have been 
tracked and that key health indices have been plotted over the lifetimes of individual felids. 
Vital trends could thus be observed over a long period in a large number of zoo felids with 
CKD.    
It is recommended that longitudinal plotting of key health indices be maintained for each 
individual felid, so that the individual acts as its own benchmark, and so that mild increases of 
serum creatinine and urea concentrations above its own ‘normal’ level can be considered as 
‘red flags’ for further investigation of CKD (Figure 3.9). This is a recent diagnostic approach 
now favoured in small animal medicine, because some analytes, such as creatinine and 
cholesterol, show high ‘individuality’, i.e. intra-individual consistency but increased variability 
between individuals [137, 291, 293]. This is more relevant to biomarkers important for the 
diagnosis of CKD, such as creatinine and urea, which lack sensitivity at the threshold of 
disease onset [134] or which can show lability on a daily basis depending on water intake and 
physiological processes, like USG.  
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3.5. Conclusions 
From the combined records of over one thousand felids from ten Australian zoos over a  
50-year period, a subset of 72 adult felids with CKD as their primary cause of death 
demonstrated that the non-specific signs of inappetence, polydipsia, and hindlimb weakness 
were the most frequently observed signs recorded by carnivore keepers, and that they act as 
‘red flags’ for the possibility of development of CKD. The high frequency of weight loss and 
presumed muscle wastage prompts the recommendation that the nutritional plane of felids 
with CKD be closely monitored to prevent cachexia.  
The most common laboratory findings associated with CKD were azotaemia, 
hypercholesterolaemia, hyperphosphataemia, hyperglobulinaemia, hypokalaemia, and mild 
metabolic acidosis, but all were late changes and the time from onset of azotaemia to death 
in zoo felids is very short. Elevations of serum creatinine and urea were insensitive markers 
for the onset of CKD in zoo felids, with urea concentration frequently becoming elevated before 
the creatinine concentration did. Because these two analytes are relatively late and insensitive 
markers for the onset of disease, the most powerful way to use these diagnostic markers is 
likely to be by plotting each individual’s own serum creatinine and urea concentrations over 
time. Urea concentration may be slightly more sensitive than creatinine concentration, 
because it was elevated in 40% of cases with inadequately concentrated urine before 
creatinine concentration levels increased. Monitoring changes of USG over time is vital and 
repeated measurements of USG ≤1.030 provide a strong case that CKD is present. In zoo 
felids, voided urine is the most practical and useful diagnostic specimen for the earliest 
detection of CKD onset, and monitoring USG is easy, convenient, and inexpensive.  
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Figure 3.9 Examination under anaesthesia of a female Sumatran tiger, including 
physical examination, blood and urine collection at Taronga Zoo, Sydney 
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Chapter 4 Risk factors associated with the development of, and death from,  
chronic kidney disease in non-domestic felids in ten Australian zoos 
(1965–2015) 
4.1. Introduction 
Very few studies of captive non-domestic felids maintained in zoos have specifically 
investigated risk factors associated with CKD or causal agents associated with the 
pathogenesis of CKD. Intrinsic risk factors for CKD identified in domestic cats include breed 
and increasing age [136, 298, 379], but extrinsic risk factors more commonly influence the 
onset of CKD in domestic cats. Risk factors associated with the development of CKD are still 
to be fully identified in both domestic and non-domestic felids, and identification of these risk 
factors may help to elucidate aetiologies of CKD and inform strategies to manage and treat it.  
Age has been identified as a major risk factor for CKD in domestic cats [75, 76, 98, 99, 136, 
380], and in the published literature on non-domestic felid species such as jaguars [19] and 
cheetahs [68, 343, 381]. Two felid species – cheetah and Iberian lynx – have been reported 
to have higher predisposition to CKD compared to other species [29, 66, 68, 382], and a high 
incidence of death due to CKD has been identified by this project in cheetahs, fishing cats, 
Bengal and Sumatran tigers (Chapters Two and Three). Sex has not been reported definitively 
as a risk factor for CKD in domestic cats, although a predisposition in males for earlier onset 
of severe disease has been reported [77, 100].  
Extrinsic factors, such as stress associated with captivity, have been implicated as a major 
risk factor for CKD in cheetahs [31], however aspects of husbandry like enclosure size or 
climate have not been investigated or demonstrated to affect the aetiopathogenesis of CKD. 
In domestic cats, concurrent diseases such as halitosis or dental disease [100, 379], cystitis 
[100], infections of the genitourinary tract [383], infectious agents (e.g. leptospirosis) [384], 
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feline morbillivirus [385-387], and treatments like frequent vaccination [388], general 
anaesthesia [100], aminoglycoside antibiotics [360], and NSAID administration [389, 390] 
have all been variously implicated as risk factors for CKD. Acute kidney disease, if survived, 
is recognised as a risk factor for later onset of chronic kidney disease. Kidneys can be acutely 
affected by toxins or infection, and in domestic cats acute kidney failure has been associated 
with NSAID administration [389, 390], nephrotoxic drugs such as aminoglycoside antibiotics 
[300, 391], chemicals (e.g. ethylene glycol (antifreeze) [392, 393] or melamine/cyanuric acid 
[361]), and plant toxins (e.g. from Lillium spp.) [363, 364].   
The aim of this study was to identify risk factors associated with the development of, and death 
from, CKD in non-domestic felids. The risk factors investigated for CKD were: intrinsic risk 
factors of age, species, and sex; and extrinsic risk factors of zoo location, diet, enclosure type, 
international transaction, medical treatments, general anaesthesia and concurrent diseases 
of the genitourinary tract (e.g. pyometra, bacterial cystitis, pyelonephritis). 
4.2. Materials and Methods 
From the ‘Individual Animal Records’ table of the Microsoft Access® database (Section 
2.2.2.2), records for felids of all species which were older than 6 months (i.e. adolescents and 
adults) and had a known cause of death were extracted. Living felids without evidence of CKD, 
felids which died at <6 months of age, felids with unknown cause of death, and all felids ‘lost 
to follow-up’ prior to death (i.e. transacted felids) were excluded. The variables included for 
assessment as risk factors for CKD, as either primary cause of death or a documented co-
morbidity, were age, sex, species, IUCN status, zoo location, last enclosure type, international 
transaction into Australia (i.e. imported felids), and antecedent infection of the genitourinary 
tract. The following age categories were created: <6 years, 6–12 years, 12–15 years, 15–18 
years, and >18 years old – to ensure that the proportion of deaths in each age bracket was 
approximately equivalent for statistical analysis. African lions and any unspecified lion sub-
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species were grouped together because of the low number of African lions with CKD, but all 
tigers were analysed separately by sub-species. IUCN Red List status was transcribed as at 
September 2017 [10], and is presented in Table 4.1. 
Table 4.1 IUCN Red List status of felid species 
Species Number of felids Red List status 
Lion (all species and sub-species) 40 Vulnerable 
Cheetah 40 Vulnerable 
Clouded Leopard 2 Vulnerable 
Leopard (all species and sub-species) 11 Vulnerable 
Fishing Cat 8 Vulnerable 
Cougar 11 Least concern 
Jaguarundi 2 Least concern 
Bobcat 11 Least concern 
Caracal 10 Least concern 
Leopard Cat 5 Least concern 
Northern (Canadian) Lynx 2 Least concern 
Ocelot 13 Least concern 
Serval 15 Least concern 
Tiger (all species and sub-species) 39 Endangered 
Snow Leopard 7 Vulnerable 
Asian Golden Cat 11 Near Threatened 
Jaguar 16 Near Threatened 
TOTAL 243  
  
Associations between single risk factors (age, sex, species, IUCN status, international 
transfers, zoo location, enclosure type, disease of the genitourinary tract (UTI and pyometra, 
grouped)) and death due to CKD were analysed using univariate logistic regression and Wald 
test (F), with P<0.05 considered significant (GenStat® 17th edition, VSN International Ltd, 
Hemel Hempstead, UK). Variables found to be frequently associated with CKD in the 
univariate analyses (P<0.2) were entered into a backward-selection multivariate logistic 
regression model (generalised linear mixed model with binomial distribution and logit link 
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function, Genstat 17th edition), eliminating non-significant variables (P>0.2) in a step-wise 
manner until all variables reached significance at P<0.05.  
‘Zoo location’ was compared to Taronga Zoo Sydney as the arbitrarily selected reference zoo, 
because Taronga Zoo had an adequate felid sample size and a broad cross-section of species 
represented. ‘Last enclosure type’ was taken as the enclosure type (zoo enclosure exhibit, or 
open range paddock) prior to onset of CKD. The aim of analysing felids for the risk of CKD 
associated with international transaction (IT) was to investigate the subset of animals which 
may have been exposed to extreme environmental changes, as it was hypothesised that 
international transactions were stressful procedures for the animals, psychologically and 
physiologically. For infections of the genitourinary tract, UTI and pyometra were grouped and 
analysed together, and also separately. For one variable, pyometra, a subset consisting of 
only female felids was selected for analysis, as only females develop uterine infections. For 
pyometra only, relative risk and χ2 statistics were calculated using 2x2 contingency tables for 
risk of development of, and risk of death from, CKD. Relative risk calculation provided a 
comparison of risk between exposure and non-exposure, putting the risk in context. 
Within the set of felids with known cause of death, a smaller subset existed of felids which had 
a whole-of-life clinical histories available, with records of treatments and examinations under 
general anaesthesia (GA), and which had at least one treatment or GA event recorded. 
Univariate logistic regression analysis was conducted on this subset to additionally assess the 
following risk factors: number of GA received prior to onset of CKD; anaesthetic/sedative 
agents (α2 agonists (grouped) or tiletamine/zolazepam); NSAIDs; intravenous (IV) fluid 
therapy; and antibiotic administration. Conclusions derived from this analysis assumed that 
the clinical records were complete for every felid and that the number of GA and treatment 
events for each felid was definitive and no data was missing. 
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The number of GA events undergone by each felid were divided into categories: 1–2, 3–5, 6–
9, and 10+, and compared to GA=0 as reference. As different anaesthetic induction agents 
have very different modes of action and produce very different effects on the cardiovascular 
and autonomic nervous systems, the various classes of anaesthetic induction agents were 
compared, i.e. benzodiazepines (BD) (e.g. zolazepam or midazolam) and α2 agonists 
(medetomidine or xylazine). All reported anaesthetic procedures involved the administration 
of ketamine and a gaseous inhalation agent (i.e. isoflurane or halothane), so these drugs were 
considered as constants and not included in analysis.  
NSAIDs were divided into three groups (carprofen, meloxicam, and ‘other NSAIDs’, grouped). 
The numbers of NSAID course administrations received by each felid were divided into 
categories of 0, 1, 2, 3–5, and 6+ for all NSAIDs course administrations combined, and 
categories of 0, 1, and 2+ courses for carprofen, meloxicam, and ‘other NSAIDs’ when 
analysed individually. The ‘other’ grouped NSAIDs were ketoprofen, flunixin meglumine, 
ibuprofen, and aspirin. Univariate logistic regression was conducted with all NSAID groups, 
combined and separately. Antibiotic and IV fluid administrations were calculated as tallies of 
administrations during the felid’s lifetime prior to the onset of CKD. The numbers of IV fluid 
administrations received by each felid were divided into the categories: ≤1 and ≥2. The 
numbers of antibiotic course administrations received by each felid were divided into 
categories: 0, 1–3, and 4+. The analysis was based on the premise that antibiotic prescription 
in the zoo felids was for rational treatment of infection and that therefore each prescription 
corresponded to a potential bacterial infection. 
Risk factors for CKD are presented as an odds ratio (OR), with 95% confidence interval (CI) 
and where P<0.05 was considered significant. Significant ORs only indicated association of 
each risk factor with death due to CKD (i.e. that a risk factor was associated with an increased 
or decreased probability of the disease), and no implication of causality was made. A 
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generalised linear mixed model with binomial distribution and logit link function was fitted. 
Multivariate logistic regression analysis was conducted with data on species, GA events, GA 
induction agents (grouped as ketamine and gaseous agent only, BD only, α2 agonists only, 
and multi-agent), IV fluid administration, antibiotic administration, NSAID administration 
(carprofen, meloxicam, and other NSAIDS, grouped), entered into the model and removed in 
a step-wise manner until all remaining factors were significant (P<0.05).   
Correlations between risk factors were analysed using Spearman’s rank coefficient, with the 
strength of the association for absolute values of ρ arbitrarily assigned for weak correlation as 
<0.4, moderate correlation as 0.4–0.7, and strong correlation as >0.7 (GraphPad Prism® 
version 7.00, GraphPad Software, La Jolla, CA, USA). Correlations between risk factors were 
also compared using the χ2 test, with P<0.05 considered significant. No attempt was made to 
impute missing data.  
4.3. Results 
Analyses were conducted on data from 243 felids, 230 adults and 13 adolescents 
encompassing 21 species or sub-species, which had known causes of death (Table 4.1). 
4.3.1. Age 
Increasing age was a significant risk factor (P<0.001) for the development of, or death from, 
CKD, compared to animals less than 6 years old. From 12 years of age onwards, felids had a 
five- to seven-fold increased risk of developing CKD. There was a significant protective effect 
of age in young animals (P=0.005), with the odds of death due to CKD being 73% lower in 
felids less than six years. The proportion of deaths in each age category is presented in  
Table 4.2, demonstrating that the group sizes were approximately equivalent.  
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Table 4.2 Univariate logistic regression analysis of age as a risk factor for 
development of CKD 
Age P value Odds Ratio 
95% Confidence Interval for 
Odds Ratio 
Total deaths 
(%) 
Cumulative 
% of total deaths 
   lower upper   
< 6 years 0.005* 0.2727 0.1108 0.6712 11.8 11.8 
6 – 12 years 0.245 1.889 0.6458 5.525 21.1 32.9 
12 – 15 years <0.001* 7.104 2.405 20.98 19.8 52.7 
15 – 18 years 0.002* 5.166 1.803 14.81 22.4 75.1 
> 18 years <0.001* 6.634 2.332 18.88 24.9 100 
 
4.3.2. Sex 
The sex of a felid was not a significant risk factor for CKD (P=0.1504, see Section 3.3.1.2).  
4.3.3. Species  
Species was a significant risk factor for the development of CKD (P<0.001). Results of the 
univariate analysis are presented in Table 4.3. 
Lions (African and all unspecified sub-species) were at lower risk of development of CKD than 
all other species (OR=0.43, CI: 0.21–0.91, P=0.028), while cheetahs and two sub-species of 
tigers, Bengal and Sumatran, were at significantly higher risk of development of CKD. Persian 
leopards, jaguarundi, clouded leopards, Amur tigers, and Northern lynx were represented by 
two or less individuals per species within the analysis and so the OR and 95% CI were not 
reported, as the sample size for these species was too small to be meaningful. 
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Table 4.3 Univariate logistic regression analysis of species as risk factor for 
development of CKD 
Species 
Number of 
felids 
P value Odds Ratio 
95% Confidence Interval for 
Odds Ratio 
    lower upper 
Lion* 34 0.028* 0.43 0.21 0.91 
Asiatic Lion 6 0.355 2.30 0.39 13.4 
Bengal Tiger 12 0.005* 11.5 2.12 62.3 
Bobcat 11 0.057 3.68 0.96 14.1 
Caracal 10 0.098 3.45 0.80 15.0 
Cheetah 40 <0.001* 6.90 2.46 19.4 
Clouded Leopard 2 0.613 * * * 
Cougar 11 0.362 1.92 0.47 7.77 
Fishing Cat 8 0.102 3.83 0.76 19.2 
Jaguar 16 0.834 1.15 0.31 4.24 
Jaguarundi 2 0.913 * * * 
Leopard 6 0.882 1.15 0.18 7.33 
Leopard Cat 5 0.665 1.53 0.22 10.6 
Northern (Canadian) Lynx 2 0.613 * * * 
Ocelot 13 0.625 0.69 0.16 3.10 
Persian Leopard 5 0.725 * * * 
Serval 15 0.834 1.15 0.31 4.24 
Snow Leopard 7 0.057 5.75 0.95 34.8 
Amur Tiger 1 - * * * 
Sumatran Tiger 13 0.007* 7.67 1.73 34.0 
Asian Golden Cat 11 0.709 1.31 0.31 5.52 
Tiger 13 0.143 2.68 0.72 10.0 
TOTAL 243     
* Lion = African lions and unspeciated lions combined, due to low sample size for African lions 
 
4.3.4. IUCN Red List status  
The category assigned to a felid species on the IUCN Red list was also a significant risk factor 
for development of CKD (P=0.01). Status as an ‘Endangered’ species was associated with a 
three-fold increased risk of onset or death due to CKD, compared to those species which had 
‘Least concern’ status. Results of univariate analysis are presented in Table 4.4. 
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Table 4.4 Univariate logistic regression analysis of IUCN Red List status as risk 
factor for development of CKD 
IUCN Red List Status 
Number of 
felids 
P value Odds Ratio 
95% Confidence Interval for 
Odds Ratio 
TOTAL 243   lower upper 
Least concern 69 0.347 0.80 0.50 1.27 
Vulnerable 108 0.297 1.38 0.75 2.54 
Near threatened 27 0.385 0.66 0.26 1.68 
Endangered 39 0.005* 3.08 1.39 6.80 
 
All tigers are endangered species, while lions, leopards, cheetahs, snow leopards, clouded 
leopards, and fishing cats are categorised as vulnerable, and jaguars and Asiatic golden cats 
are near threatened (Table 4.1). 
4.3.5. Zoo location and enclosure type 
Geographical location of a zoo (Table 4.5) was not a risk factor for the development of CKD 
in the felid population. However, being housed in Adelaide Zoo had a significant protective 
effect (P=0.011), with the odds of development of CKD for felids at Adelaide Zoo being 73% 
lower than those of felids at Taronga Zoo, Sydney. The protective effect of Adelaide Zoo may 
be attributable to the confounding effect of species. Historically, the variety of species housed 
at Adelaide Zoo has been diverse. Adelaide Zoo has maintained African lions and other lions, 
bobcats, caracals, fishing cats, jaguars, leopards (all sub-species), ocelots, servals, Sumatran 
and Amur tigers, and Asian golden cats, but no cheetahs or Bengal tigers, which are the two 
felid species associated with the highest risk of death with CKD. 
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Table 4.5 Univariate logistic regression analysis of zoo location as a risk factor for 
development of CKD 
Zoo location P value Odds Ratio 
95% Confidence Interval  
for Odds Ratio 
   lower upper 
Taronga Zoo, Sydney 0.319 1.41 0.72 2.71 
Melbourne Zoo 0.179 0.59 0.27 1.28 
Adelaide Zoo 0.011* 0.27 0.098 0.74 
Dreamworld 0.700 1.43 0.23 8.79 
Mogo Zoo 0.753 1.25 0.31 5.03 
Monarto Zoo 0.292 2.50 0.45 13.74 
National Zoo and Aquarium 0.208 0.41 0.10 1.65 
Perth Zoo 0.394 1.79 0.47 6.77 
Werribee Open Range Zoo 0.147 4.99 0.57 43.86 
Western Plains Zoo 0.596 1.34 0.45 3.95 
 
Analysis of risk according to enclosure type (Table 4.6) demonstrated that the odds of 
developing CKD for felids maintained in open range paddocks was 2.9 times that of felids 
maintained in smaller enclosures (with the true population value somewhere between 1.4 and 
6.1 times in open-range paddocks). This was again influenced by species as a confounding 
factor, as 68% of species housed in open range zoos were cheetahs, and cheetahs have the 
highest prevalence of CKD of all Australian felids.  
Table 4.6 Univariate logistic regression analysis of enclosure type as a risk factor 
for development of CKD 
Enclosure type P value Odds Ratio 
95% Confidence Interval  
for Odds Ratio 
   lower upper 
Enclosure 0.482 0.91 0.69 1.19 
Open range 0.005* 2.91 1.38 6.14 
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4.3.6. International transaction 
The number of felids born in Australia compared to those imported is presented in Table 4.7. 
The populations of cheetahs, fishing cats, snow leopards, and all sub-species of tigers, many 
of which are listed as endangered or vulnerable by IUCN, were commonly replenished from 
international breeding programs. Clouded leopards, Asiatic lions, jaguarundis, and leopards 
are no longer being maintained in Australian zoos.  
Table 4.7 Tally of the International Transaction status of all felids with known 
cause of death included in risk factor analysis   
Species Known cause of death Born in Australia Imported 
Lion (incl. African lion) 34 30 4 
Asiatic lion 6 1 5 
Cheetah 40 9 31 
Bengal tiger 12 4 8 
Amur tiger 1 0 1 
Sumatran tiger 13 8 5 
Tiger 13 5 8 
Bobcat 11 10 1 
Caracal 10 7 3 
Clouded leopard 2 0 2 
Cougar 11 9 2 
Fishing cat 8 4 4 
Jaguar 16 13 3 
Jaguarundi 2 0 2 
Leopard 6 5 1 
Persian leopard 5 1 4 
Leopard cat 5 4 1 
Northern lynx 2 0 2 
Ocelot 13 10 3 
Serval 15 11 4 
Snow leopard 7 4 3 
Asian golden cat 11 6 5 
 243 141 102 
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International transaction (IT) significantly increased the risk of development of CKD, by a factor 
of 1.68 (P=0.048) (Table 4.8).   
Table 4.8 Univariate logistic regression analysis of an international transaction as 
a risk factor for development of CKD 
International transaction status P value Odds Ratio 95% Confidence Interval for OR 
   lower upper 
Born in Australia 0.473 0.8916 0.6517 1.22 
International Transaction 0.048* 1.684 1.005 2.823 
 
4.3.7. Diet 
Zoo felids were fed a wide variety of whole meat diets formulated by nutritionists and 
veterinarians employed by the various zoos. Diet sheets for ten felid species (lion and Asiatic 
lion, cheetah, Bengal and Sumatran tigers, clouded leopard, fishing cat, snow leopard, and 
Asian golden cat) from seven different zoos (Taronga Zoo, Taronga Western Plains Zoo, Perth 
Zoo, Adelaide Zoo, Dreamworld, Melbourne Zoo, and Monarto Zoo) were collated and 
summarised. In Australian zoos, felids were generally fed diets based on whole carcasses 
consisting of raw meat, with skin and bone attached but offal removed. Processed wet or dry 
food were rarely fed unless there was a clinical indication, such as kidney disease. Common 
meat sources were kangaroo, horse, chicken, beef, rabbit, rodent (mouse, rat, and guinea 
pig), fish, and deer. Most felids had one to two fasting days per week, depending on species, 
with exceptions made for physiological status, e.g. pregnancy. The variety of protein sources, 
lack of long-term detailed information in the husbandry records, and the similarity in feeding 
regimens across all Australian zoos made assessing the effect of diet on the onset of CKD 
virtually impossible. No statistical analyses were performed to assess any association 
between diet and the development of CKD. 
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4.3.8. Concurrent diseases  
All felids experienced multiple diseases throughout their lives. A total of 3,425 records were 
categorised as to the primary reason for treatment or examination under anaesthesia (EUA). 
The most common and frequently reported diseases or treatment events (Table 4.9) were: 
routine procedures (18%) such as vaccinations, general examinations and health checks, or 
enclosure moves; reproductive procedures (12%) such as subcutaneous contraceptive 
implants, surgical sterilisation, or procedures associated with parturition; lameness 
investigation (14%) including arthritis, foot and nail lesions, and fractures of the appendicular 
skeleton; treatment of fight and bite wounds inflicted by conspecifics (13%); dental procedures 
(6%); urinary tract disease (8%) including haematuria, incontinence, administration of 
antibiotics, oral phosphate binders, and/or IV fluid therapy for management of CKD; 
unspecified malaise (7%) such as inappetence and  lethargy; non-specific gastrointestinal 
disease (6%); ocular disorders (4%); skin lesions (4%); misadventure (2%) including snake 
envenomation, tick paralysis, and vehicular trauma;  and neurological disorders (2%) such as 
vitamin deficiencies (thiamine or vitamin A) and seizures.  
  
Chronic Kidney Disease  Thesis  Sydney School of Veterinary Science 
in Australian Zoo Felids  Rachel D’Arcy University of Sydney 
 
133 
Table 4.9 Treatments, procedures, or examination under anaesthesia (EUA) events 
for felids with known causes of death in Australian zoos, expressed as a 
percentage of total EUA events   
Reason for procedure % 
Routine procedures – vaccinations, health checks, enclosure moves 18 
Fight wounds inflicted by conspecifics 13 
Reproductive procedures – contraceptive implants, surgical sterilisation, parturition 12 
Lameness and stiffness – unspecified 7 
Fractures – appendicular skeleton 1 
Arthritis 3 
Foot lesions, including nails 2 
Gastrointestinal disease 6 
Neurological disease, including vitamin deficiencies, seizures, and toxicoses 2 
Malaise – non-specific lethargy and inappetence 7 
Urinary tract disease 8 
Dental disease and procedures 6 
Skin disease – dermatitis, tail injuries 5 
Eye disease 4 
Spinal lesions 2 
Euthanasia 2 
Misadventure, e.g. snake bite envenomation, tick toxicoses 2 
TOTAL 100 
 
Two disease categories were identified for assessment as risk factors for CKD: urinary tract 
infections and pyometra.  
 Urinary tract infections 
Urinary tract infections were significantly associated with death due to CKD (P=0.006) with an 
odds ratio of 2.948 (CI 1.36–6.4). Urinary tract infections were reported in 32 felids (16 males 
and 16 females). 
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 Pyometra 
Pyometra was noted in the clinical records of 26 female felids, of which three were still alive –
an aged Sumatran tiger, an aged Bengal tiger, and an aged lioness. Pyometra was fatal in 
19% (5/26) of female felids which developed the condition, and pyometra was associated with 
death due to acute kidney failure in one of these cases. As pyometra is a disease of females 
only, the database was filtered to select out the subset (n=116) of dead female felids, of which 
23 had pyometra recorded in their history. Of the 116 dead female felids, four died of pyometra, 
three had acute kidney failure as primary cause of mortality, 29 had CKD as their primary 
cause of mortality, and 80 died of other causes, of which 25 had CKD as a significant co-
morbidity at death. Pyometra was significantly associated with the development of CKD 
(P=0.005), with an odds ratio of 4.29 (CI 1.55–11.86).  
As pyometra was shown by logistic regression to be a significant risk factor for the onset of 
CKD, relative risks were then calculated. Any female felid which developed pyometra had a 
1.86–fold risk of developing CKD. However, pyometra is of itself a fatal disease, therefore 
when death due to pyometra was accounted for, the risk of developing CKD increased, such 
that any female which survived pyometra was 2.4 times as likely to subsequently develop 
CKD. When the primary cause of death was analysed, females which survived pyometra were 
7.6 times as likely to die of CKD.  
4.3.9. Multivariate model of risk factors for CKD 
A generalised linear mixed model with binomial distribution and logit link function was fitted 
(Table 4.10). The model predicted that the probability of CKD as a cause of death was 
significantly associated with species (P<0.001) (Bengal tiger, caracal, cheetah, fishing cat, 
and Sumatran tiger had highest odds), age >12 years (P<0.001), and genitourinary tract 
infections (P=0.016), including pyometra. 
Chronic Kidney Disease  Thesis  Sydney School of Veterinary Science 
in Australian Zoo Felids  Rachel D’Arcy University of Sydney 
 
135 
Table 4.10 Multivariate generalised linear mixed model analysis of variables 
associated with CKD as a cause of death 
Variable P value Odds Ratio 95% Confidence Interval for OR 
   lower upper 
Asiatic lion 0.517 1.902 0.2725 13.28 
Bengal tiger <0.001* 29.42 4.21 205.6 
Bobcat 0.15 3.02 0.6695 13.62 
Caracal 0.049* 5.873 1.011 34.12 
Cheetah <0.001* 26.15 7.18 95.25 
Clouded leopard 0.601 ~ ~ ~ 
Cougar 0.057 5.185 0.9492 28.33 
Fishing cat 0.045* 7.278 1.049 50.5 
Jaguar 0.996 0.9966 0.231 4.299 
Jaguarundi 0.500 ~ ~ ~ 
Leopard 0.816 0.7902 0.1086 5.749 
Leopard cat 0.134 6.057 0.5744 63.88 
Northern (Canadian) lynx 0.619 ~ ~ ~ 
Ocelot 0.625 0.6417 0.1082 3.806 
Persian leopard 0.707 ~ ~ ~ 
Serval 0.360 2.058 0.4385 9.661 
Snow leopard 0.197 3.892 0.4933 30.71 
Sumatran tiger 0.012* 9.879 1.659 58.82 
Asian golden cat 0.524 1.72 0.3239 9.128 
Tiger 0.100 3.636 0.7821 16.9 
Age 6 – 12 years 0.254 2.13 0.581 7.807 
Age 12 – 15 years 0.001* 8.418 2.272 31.19 
Age 15 – 18 years <0.001* 11.53 3.165 41.99 
Age > 18 years <0.001* 25.17 6.426 98.6 
Genitourinary tract infection 0.015* 3.545 1.282 9.807 
~ Persian leopards, jaguarundi, clouded leopards, and Northern lynx were represented by two or less individuals per species 
therefore OR and 95% CI were not reported, as the sample sizes were too small to be meaningful. 
  
Chronic Kidney Disease  Thesis  Sydney School of Veterinary Science 
in Australian Zoo Felids  Rachel D’Arcy University of Sydney 
 
136 
4.3.10. Medical treatments 
 General anaesthesia (GA) events and induction agents 
For GA events, analyses were conducted of data from 186 felids, encompassing 18 species 
or sub-species. There was no significant association between the total number of GA events 
in a felid’s lifetime and the onset of CKD (P=0.23) or death due to CKD (P=0.37). The results 
of univariate logistic regression analysis are presented in Table 4.11. 
Table 4.11 Univariate logistic regression analysis of the number of GA events as a 
risk factor for development of CKD 
Number of GA 
events 
P value Odds Ratio 
95% Confidence Interval for 
Odds Ratio 
Total GA 
events 
(%) 
Cumulative 
% of total  
GA events 
   lower upper   
0 0.218 2.333 0.6058 8.987 5.6 5.6 
1 – 2 0.4 0.5204 0.1135 2.385 17.2 22.8 
3 – 5 0.399 0.5357 0.1255 2.287 25.0 47.8 
6 – 9 0.696 0.7428 0.1674 3.296 30 77.8 
10+ 0.687 1.364 0.3016 6.166 22.2 100 
 
Most felids (100/186, 54%) underwent GA inductions with a variety of agents  
(i.e. ‘multi-agent’) during their lifetime. The α2 agonists (medetomidine or xylazine) were the 
most commonly used anaesthetic induction agents, with 30% of felids (56/186) having GA 
induced with these agents alone. A smaller proportion of felids (13/186, 7%) were sedated 
exclusively with tiletamine/zolazepam during their lives. Only 4% (8/186) of felids were 
sedated with ketamine alone and then maintained on inhaled anaesthetic agents, while 5.6% 
(10/186) of felids never underwent a GA event prior to their development of CKD or their death. 
Although no association between the number of GA events in a lifetime and death due to CKD 
was observed for any combination of anaesthetic agents, further analysis was conducted to 
compare and contrast the most common anaesthetic induction regimens (Table 4.12).   
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Table 4.12 Univariate logistic regression analysis of anaesthetic induction agent 
type as a risk factor for development of, or death due to, CKD 
Anaesthetic induction regimen P value Odds Ratio 
95% Confidence Interval for  
Odds Ratio 
   lower upper 
Ketamine/gaseous GA agents only 0.069 0.3846 0.1376 1.075 
Tiletamine/zolazepam or other BD only 0.295 2.228 0.4978 9.976 
α2 agonists only 0.278 1.907 0.5941 6.118 
Multiagent induction (BD and/or α2 agonists) 0.449 1.534 0.5070 4.643 
 
Analysed further, there was no significant association between the number of GA events 
induced with α-2 agonists only and the development of CKD (P=0.278), nor was there any 
significant association between increasing numbers of GA events induced with 
tiletamine/zolazepam only and the development of CKD (P=0.295). There was no significant 
association of CKD with any combination of anaesthetic agents (P=0.449).  
 Intravenous fluids   
A significant protective effect (P=0.047) was associated with increased frequency of 
administration of IV fluids during GA events, compared to felids which underwent GA events 
without fluid support (56/186). The risk of development of CKD was decreased by 47% by the 
use of IV fluids during 2 or more GA events (n=85, OR 0.526, CI 0.294–0.967, P=0.047), 
compared to felids which received no or only one IV fluid administration in their lifetime.   
 Antibiotics  
Antibiotic administration was reported in 277 felids in total. Of the 186 felids, encompassing 
18 species, with known causes of death and whole-of-life records from which onset of CKD 
could be pinpointed, most (90%) received at least one course of antibiotics in their lifetime, 
with 84% of these belonging to the beta-lactam group of commonly used antibiotics,  
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e.g. amoxicillin-clavulanic acid. There was no significant risk of CKD associated with 
increasing number of antibiotic prescriptions (Table 4.13). 
 
Table 4.13 Univariate logistic regression analysis of number of antibiotic course 
administrations as a risk factor for development of CKD 
Number of antibiotic courses 
administered 
P value Odds Ratio 
95% Confidence Interval for  
Odds Ratio 
   lower upper 
0 0.250 1.690 0.6899 4.122 
1-3 0.988 0.9925 0.4045 2.423 
4+ 0.244 0.5921 0.2536 1.425 
 
 Other potentially nephrotoxic drugs   
Systemic antibiotics considered to be nephrotoxic were not recorded in any felid records,  
e.g. aminoglycosides, vancomycin, or amphotericin B. Topical gentamicin was applied as 
ocular therapy in nine cases.  
 Non-steroidal anti-inflammatory drugs 
There were 652 records of NSAID course administrations to 253 felids in total, of which  
45 felids were still alive, 15 had been transacted, and 7 had unknown cause of death. A subset 
of 186 felids had known causes of death and whole-of-life records from which the onset of 
CKD could be established There was a significant protective effect (P=0.006) against CKD as 
a cause of death, with a 47% reduction in risk, if no NSAIDS were administered during the 
felid’s lifetime. There was no increased risk of development of CKD associated with 
administration of one to five courses of NSAIDS, although there was an increased risk of 
developing CKD as a co-morbidity associated with six or more administrations of NSAIDS 
(Table 4.14). 
  
Chronic Kidney Disease  Thesis  Sydney School of Veterinary Science 
in Australian Zoo Felids  Rachel D’Arcy University of Sydney 
 
139 
Table 4.14 Univariate logistic regression analysis of NSAID administrations as a 
risk factor for the development of, or death due to, CKD 
Number of 
NSAID courses 
CKD as cause of death All CKD – death and co-morbidity 
  P value 
Odds 
Ratio 
95% CI for  
Odds Ratio 
P value 
Odds 
Ratio 
95% CI for  
Odds Ratio 
   lower upper   lower upper 
0 0.006* 0.5283 0.3345 0.8344 0.222 1.314 0.8473 2.039 
1 0.628 1.211 0.5576 2.632 0.657 1.189 0.5535 2.554 
2 0.513 0.631 0.1587 2.509 0.888 0.9131 0.2578 3.233 
3 – 5 0.29 1.622 0.662 3.976 0.143 2.065 0.7831 5.447 
6+ 0.249 1.735 0.6796 4.43 0.03* 3.614 1.129 11.57 
 
There was no significant increased risk of developing CKD associated with carprofen (P=0.23) 
or meloxicam (P=0.41) at any number of administrations, however the three-fold increased 
risk associated with two or more administrations of carprofen did approach significance with  
P=0.052 (Table 4.15). There was a 41% reduction in risk of death due to CKD if carprofen was 
not administered at all (P=0.001). 
Table 4.15 Univariate logistic regression analysis of carprofen administration as a 
risk factor for death due to CKD 
No. of doses of carprofen 
administered 
P value Odds Ratio 
95% Confidence Interval for  
Odds Ratio 
   lower upper 
0 0.001* 0.5859 0.4239 0.8098 
1 0.533 0.6828 0.2056 2.268 
2+ 0.052 3.414 0.9884 11.79 
 
There was a significant (P=0.008) association between the administration of two or more 
courses of ‘other NSAIDs’ (i.e. ketoprofen, flunixin meglumine, aspirin, ibuprofen) and the 
onset of CKD (Table 4.16). The risk was increased 3.6 times (CI 1.4 to 9.5 times) after 
administration of 2 or more doses of ‘other NSAIDs’. Ketoprofen was the most commonly 
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administered NSAID of this group, accounting for 86% of the administered doses, then flunixin 
meglumine (10%), ibuprofen (2%), and aspirin (2%). 
Table 4.16 Univariate logistic regression analysis of ‘other NSAIDs’ administration 
as a risk factor for death due to CKD 
No. of doses of 
other NSAIDs 
administered 
P value Odds Ratio 
95% Confidence Interval for  
Odds Ratio 
   lower upper 
0 0.19 1.28 0.8846 1.852 
1 0.233 1.633 0.7297 3.657 
2+ 0.008* 3.646 1.402 9.48 
 
The older ‘other NSAIDs’ – aspirin, ibuprofen, flunixin meglumine, and ketoprofen – were 
recorded as being administered in the period between 1983 and 2013, while carprofen was 
recorded as being administered between 1996 and 2014, and meloxicam between 2000 and 
2015. Thus, although carprofen became commercially available in 1996, 13 years after the 
first generation of ‘other NSAIDS’ was available and in use, there was still considerable 
overlap between the use of first-generation NSAIDS and carprofen, and records exist of the 
administration of ‘other NSAIDs’ until 2013.  
A generalised linear mixed model with binomial distribution and logit link function was fitted to 
the treatment data set. The model predicted that the probability of CKD as a cause of death 
was significantly associated with species (P=0.045), most strongly for Bengal and Sumatran 
tigers, caracal, cheetah, and fishing cat, and with administration of ‘other NSAIDS’ (P=0.005).  
4.4. Discussion 
Multivariate models were constructed to assess the association of CKD with the intrinsic felid 
risk factors of age, sex, and species; extrinsic environmental factors such as zoo location, 
enclosure type, and international transactions; and treatment factors such as GA induction 
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agents, antibiotics, IV fluids, and NSAID administration. These models demonstrated that 
species and age were the most significant intrinsic risk factors for development of CKD. The 
species most at risk of developing, or dying from CKD were the fishing cat, cheetah, Sumatran 
and Bengal tiger, and caracal. The most significant extrinsic factors associated with increased 
risk of development of CKD were infections of the genitourinary tract, including UTI and 
pyometra in females, and the use of two or more courses of first generation (‘other’) NSAIDs 
such as ketoprofen, while administering IV fluids during multiple GA procedures was 
associated with reduced risk of development of CKD.  
This is the first study to demonstrate the high prevalence of CKD in Bengal and Sumatran 
tigers and identify these sub-species as being at increased risk of death due to CKD. Chronic 
kidney disease has been documented in the peer-reviewed literature only in individual 
Sumatran and Bengal tigers, and there have been similarly anecdotal reports in mainstream 
media [394, 395].  
Similar to domestic cats and other species [75, 76, 98, 99, 136, 380] [379, 396], increasing 
age has been identified as a significant risk factor for the onset of CKD in non-domestic felids.  
The age of onset of CKD is especially important if the disease impinges on the animal’s 
reproductive capacity in captivity, particularly as many felid species kept in zoos are classified 
as vulnerable or endangered in the wild. Sumatran tigers are now in very low numbers in the 
wild and the captive population is estimated to represent at least 10% of the surviving 
population. The Sumatran Tiger Endangered Species Program [56] recognises the problems 
of maintaining genetic diversity and reducing founder effect in the remaining population, and 
Sumatran tigers are considered beyond breeding age at 17 years for males and 15 years for 
females [56, 73], therefore every effort is made to maximise their breeding potential in this 
period. Chronic kidney disease would impinge on reproductive efficiency or management if it 
caused serious morbidity before late middle age. It is likely that CKD does impact fecundity in 
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Sumatran tigers, as they exhibit a five- to seven-fold increased risk of developing CKD aged 
12 years and over. Conversely, chronic kidney disease has been demonstrated to cause death 
later in life in most other species, and may not impinge on fecundity in species such as lions. 
In jaguars, kidney disease was reported with a very low prevalence at less than 5 years of 
age, a prevalence of 13% between 5 and 16 years of age, and a high prevalence of 45% in 
jaguars aged 16 to 25 years. This was consistent with findings for domestic cats, where age 
is a risk factor for development of CKD [98]. Domestic cats with CKD are generally older and, 
while some studies suggest males may exhibit earlier onset of CKD than females [77], there 
is no consensus on a sex predilection for CKD. Some breeds of domestic cat, e.g. long-haired 
cats, are associated with a higher incidence of CKD [388]. 
Chronic kidney disease also impacts the individual animal’s quality and quantity of life, due to 
the onset of morbidity as the disease progresses. The most significant extrinsic risk factors 
associated with the development of CKD were antecedent or concurrent diseases, such as 
urinary tract infections and pyometra in females [397-399], and some medical treatments such 
as first-generation NSAIDs. Chronic kidney disease is a disease of older animals in captivity 
and it is not uncommon for affected animals to have co-morbid diseases. Chapter Six 
demonstrated that, consistent with published literature that pyelonephritis is common in aged 
felids, pyelonephritis was a common finding in felids with CKD in Australian zoos when their 
kidneys examined histologically at necropsy [69, 72]. The most likely portal of entry for bacteria 
in these cases of pyelonephritis is ascending infection from the urinary bladder and ureter(s) 
[399]. Urinary tract infections that are either recurrent or relapsing are common in cats with 
CKD [383]. Cystitis was identified as a risk factor for CKD in domestic cats [100] and UTIs 
were also associated with CKD in 2/9 polar bears, one of which was confirmed by culture as 
attributable to  E. coli [111]. Pyelonephritis has been reported previously in zoo felids [49, 69, 
70, 322] and one of the most common pathogens is E. coli, although Jee et al. [319] also 
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reported a case study of pyelonephritis associated with Staphylococcus intermedius in an 
Amur tiger. The bacterial species that were cultured from kidney specimens from felids in 
Australian zoos included Escherichia coli, Enterococcus faecalis, a coagulase negative 
Staphylococcus sp., Kluyvera spp., Pseudomonas aeruginosa, and Bacteroides spp. 
The increased risk of CKD associated with UTIs has implications for management of CKD in 
zoo felids, as bacterial infections are eminently treatable. The high prevalence of 
pyelonephritis, and the associated increased risk factors of UTI and pyometra in females, 
prompts the recommendation that urine should be regularly monitored for evidence of bacterial 
load. Where evidence is present, antimicrobial treatment of sufficient dose and duration should 
be administered, based on susceptibility testing results. The recommendation for domestic 
cats is antibiotic courses of a minimum of 14 days [400-402]. Preferably, antibiotics should 
have a high renal excretion rate to ensure that therapeutic drug concentrations are reached in 
the urine. The fluoroquinolones are appropriate for Gram-negative organisms [403]. 
Unfortunately, all pharmacokinetic and pharmacodynamic (PK/PD) data for therapeutic agents 
have to be extrapolated from domestic species because no PK/PD measurement is performed 
in non-domestic felids.  
Pyometra in female felids is of concern. Historically, the use of long-acting progestin implants 
or medroxyprogesterone acetate (MPA) as contraceptive agents was associated with an 
increased risk of pyometra in female felids [242]. Lions, tigers, and leopards have a higher 
incidence of pyometra compared to domestic cats [242], and in jaguars higher rates of the 
disease have been reported, due to prolonged administration of melengestrol acetate and 
similar contraceptive hormones [71]. Pyometra is associated with prolonged exposure to 
progestins, which induce cystic endometrial hyperplasia that can then predispose the uterus 
to secondary bacterial overgrowth [244, 351, 404, 405]. Pyometra appears to be more 
common in lions and tigers and there is evidence that those species do not require 
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intromission to induce ovulation, which results in elevated progesterone levels from active 
corpora lutea [242]. Since 1990, contraception in zoo felids has been implemented with GnRH 
agonist contraceptive implants, which do not produce the same adverse uterine effects as 
progestins [406, 407]. It is a recommendation that the incidence of pyometra continue to be 
monitored in zoos, to ensure that the rate of iatrogenic pyometra is being reduced. In females 
treated for pyometra, surgical removal of the infected uterus is considered curative and 
antibiotics are often given for a short duration only. Based on the convincing association 
between antecedent pyometra and subsequent CKD, it is recommended that prolonged 
course length, effective dose range, and the efficacy spectrum of antibiotic administration is 
appropriate and based on susceptibility testing.  
The main classes of commonly used therapeutic agents that can cause adverse kidney effects 
in captive animals are aminoglycoside antibiotics and non-steroidal anti-inflammatory agents 
[408-410]. Aminoglycoside antibiotics, e.g. gentamicin, are known to have nephrotoxic effects 
in all species, including laboratory animals, domestic cats and dogs, and humans [359, 362, 
410]. However, it is apparent that the nephrotoxic potential of aminoglycosides was already 
well recognised in zoos, because these therapeutic agents were never administered 
parenterally in over 1,600 recorded instances of antibiotic treatment in a 50-year period. 
Administration of more than six courses of NSAIDs to a felid was associated with a 3.6-fold 
increased risk of death due to CKD. It was also demonstrated that a history of more than two 
courses of first-generation NSAIDs, such as ketoprofen, was associated with higher risk of 
death due to CKD. In the domestic species, meloxicam, if used carefully in oral doses, has 
been shown to have few deleterious effects on kidney function even after long-term use, but 
it is not registered for use in any species of non-domestic felid [119, 411]. NSAIDs have been 
implicated in death due to kidney failure in a young tiger [332] and an association between 
renal papillary necrosis and NSAIDS was reported in tigers [69]. Based on the results of this 
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study, it is advisable to avoid the older first-generation NSAIDs, such as ketoprofen, flunixin, 
or aspirin, in favour of carprofen or meloxicam. First generation NSAIDs have been 
documented to cause adverse renal and gastrointestinal side-effects associated with 
prostaglandin (PG) suppression. In the kidney, PGE2 is part of the essential mechanism for 
controlling renal perfusion and maintaining systemic blood pressure. The combination of 
hypotension associated with α2 agonist induction agents, decreased PG production due to 
NSAID administration, and dehydration are considered a ‘triple whammy’ of side-effects which 
can jeopardise renal perfusion, and this is the rationale for the protection of renal function with 
IV fluids during GA events.  
Meloxicam was the only selective COX-2 inhibitor NSAID administered in this study. No 
information on the newer generations of selective COX-2 inhibitor NSAIDs was available as 
this was a retrospective study and no administration was recorded [390, 412]. Further 
monitoring in this area would be warranted, given that this study has demonstrated a 
correlation between the administration of some NSAIDs (ketoprofen, flunixin, and ibuprofen) 
and an increased risk of death due to CKD. 
General anaesthesia is a procedure which can have deleterious effects on kidney function 
(Figure 4.1). Alpha-2 agonist induction agents have profound hypotensive effects [258, 259, 
413] and the kidney is vulnerable to prolonged hypotensive episodes such as general 
anaesthesia, because it receives approximately 20% of cardiac output [81]. Alpha-2 agonists, 
used extensively to initiate and maintain anaesthesia in large carnivores, have depressive 
effects on the cardiovascular system and can result in systemic hypotension [256, 258, 259], 
however the results of this analysis also suggest that repeated GAs are not associated with 
an increased risk of developing CKD.   
Extrinsic factors such as enclosure size or international transaction of felids were also shown 
to be independent risk factors for development of CKD in univariate analysis, but this effect 
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was eliminated in multivariate analysis. This study did not demonstrate any effect of zoo 
location on risk of development of CKD, although open-range enclosures were demonstrated 
to be associated with an increased risk. Using univariate logistic regression analysis, it may 
be impossible to eliminate the confounding effect of species on enclosure type, as most 
cheetahs in Australia are maintained in open-range paddock enclosures at Taronga Western 
Plains Zoo, Dubbo; Werribee Open Range Zoo; Monarto Zoo; and the National Zoo and 
Aquarium, Canberra. In the multivariate analysis, enclosure type was eliminated as a risk 
factor, except for cheetahs, where the association with CKD persisted.  
Effect of enclosure type was not easy to assess, as it was difficult to eliminate confounding 
factors.  During their lifetimes, many felids were moved between zoos and also changed styles 
of enclosure. Some zoos carry high numbers of young animals because they are active in 
breeding programs for conservation purposes, while other zoos house older, post-
reproductive individuals as tourist attractions and for their educational value in raising public 
awareness of the plight of many big cat species. The onset of CKD is generally in old age; 
thus it was difficult to apportion the individual contribution of various housing types and 
different environments over the duration of an animal’s lifetime and to determine whether 
enclosure type may have contributed at all to the onset of CKD. There was a statistically 
significant increased risk associated with open-range enclosures and death by CKD, but this 
finding was confounded by the fact that cheetahs are most commonly housed in open-range 
enclosures and also have the highest risk of CKD of all the felid species.  
Assessing felids for the risk of CKD associated with international transfer (IT) was designed 
to look at the subset of animals which may have been exposed to extreme environmental 
changes. It was hypothesised that moving internationally, from North America, Europe, or 
even from New Zealand, was likely to present the harshest transient challenges to kidney 
function. Felids are sedated for transport crating with agents which depress cardiovascular 
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function and renal perfusion, then they are transported for periods of up to 24 hours. Food and 
water intake are likely to be suboptimal en route, and on arrival animals enter a stressful 
unfamiliar environment and new climatic conditions. Therefore, for all these reasons IT was 
considered to be a marker for stressful environmental change, however it was eliminated as 
a risk factor for CKD in the multivariate analysis.  
There is limited information in the published literature about the effect of environment on the 
development of CKD. In cheetahs, two major factors associated with captivity – stress and 
gastritis – have been attributed to major disparities between disease status in captive versus 
wild populations [31, 273, 343], but there are no studies which implicate enclosure size or 
climate in the onset of CKD. One study of ocelots demonstrated that mortality rates did not 
differ dramatically between the cool (n=14, 48%) and the hot (n=15, 52%) season [26], and a 
case report of three lions that died of acute kidney disease due to dehydration, where there 
was access only to salty water with a high mineral content, demonstrated that challenging 
environmental conditions can result in kidney insult [330].  
4.5. Conclusions 
It is evident that many of the routine procedures or treatments administered by zoo 
veterinarians to felids were not associated with increased risk of CKD in this study, and that 
the factors which were significantly associated with the development of CKD were factors 
intrinsic to the animals themselves, namely, age and species. Contraception and management 
of felid reproduction requires attention due to the unintended consequences for kidney function 
associated with pyometra, and to the fact that diseases such as urinary tract infections are 
treatable conditions, and that prompt attention to UTIs should reduce the prevalence of CKD 
in zoo felids. Recognition that multiple courses of first-generation NSAIDs are a risk factor for 
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development of CKD also provides useful practical knowledge to zoo veterinarians to inform 
their pain management protocols.  
Figure 4.1 Examination under anaesthesia of a male African lion, at Taronga Zoo, 
Sydney 
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Chapter 5 Medical management and therapeutic interventions for chronic kidney 
disease in non-domestic felids in Australian zoos – a retrospective 
analysis  
5.1. Introduction 
The aims of medical treatment of CKD are to remove any aetiological agents which may 
exacerbate CKD, i.e. discontinuation of nephrotoxic drugs; administering antibiotics to treat 
infection (because pyelonephritis is a common complication exacerbating CKD); and 
treatment of any post-renal problems (e.g. urinary outflow obstruction) [72, 414, 415]. Also 
important are symptomatic treatments such as fluid therapy for dehydration by oral 
supplementation, subcutaneous (SC) or intravenous (IV) fluid administration, correction of 
acid-base electrolytes (particularly potassium) [104, 416], and correction of nutritional 
imbalances associated with CKD. Oral phosphate binders administered with food are 
recommended for treatment of hyperphosphataemia, and angiotensin converting enzyme 
inhibitors (ACEI) [335, 417] or angiotensin receptor blockers (ARB) [418] are recommended 
for amelioration of proteinuria and hypertension. To address the inappetence and gastric 
ulceration associated with uraemia, anti-emetics e.g. metoclopramide or maropitant citrate, 
and agents to reduce gastric acid production e.g. ranitidine or omeprazole, are recommended 
[72, 415, 419]. Sucralfate (a mucosal protectant) is also recommended, but has been 
associated with decompensation and worsening clinical disease in cats with CKD [420]. The 
use of anabolic steroids (e.g. nandrolone or boldenone undecylenate) to counteract muscle 
wastage and anaemia is no longer in favour due to adverse renal effects observed in many 
species [421, 422], and stanozolol is no longer recommended for use in domestic cats due to 
the risk of hepatoxicity [423].  
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In domestic cats, dietary modification is considered the single most effective therapeutic 
intervention to improve the long-term survival and quality of life of cats with CKD, by delaying 
the onset of uraemia and reducing the number of uraemic episodes [75, 116, 185, 188-190, 
424]. Commercially prepared diets specific to the ‘hypercarnivorous’ requirements of felines 
are formulated to minimise dietary phosphate intake while providing adequate high-quality 
protein and a balance of electrolytes, essential fatty acids, and pH buffers [185, 187, 425, 
426].   
Few published studies directly describe the effect of dietary manipulation on kidney function 
in non-domestic felids [112, 192, 193, 427],  and results from them are inconclusive as to the 
effect of dietary changes on longevity. Frequently, zoo felids will not adjust to eating a 
commercially prepared ‘renal diet’ later in life because such diets are often considerably less 
palatable, especially after a lifetime diet of raw meat and carcasses. Wack [72] suggests that 
a target of 75% of food intake being commercial ‘renal diet’ is achievable and beneficial. No 
literature exists on the effect of appetite stimulants (e.g. mirtazapine or diazepam) to 
encourage increased food intake in zoo felids, but diazepam has been associated with 
hepatotoxicity in domestic cats [428-430]. 
The aim of this study was to determine the most common treatments and management 
strategies implemented in Australian zoos for the management of CKD in zoo felids over the 
past 50 years.  
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5.2.   Materials and Methods 
5.2.1. Therapies and medical interventions 
Details from the ‘Anaesthesia/Treatment Records’ table containing transcribed summaries 
from all clinical histories (Chapter Two, Section 2.2.2.3) were examined to describe and 
quantify the most common treatments implemented for management of CKD in non-domestic 
felids in Australian zoos. Administered treatments were recorded as a yes/no checkbox. The 
therapies and medical management strategies investigated were:  
i. Intravenous (IV) or subcutaneous (SC) fluid therapy;  
ii. oral phosphate binders;  
iii. angiotensin converting enzyme (ACE) inhibitors (grouped);  
iv. antimicrobials (grouped), including enrofloxacin, β-lactam antibiotics (grouped), 
gentamicin, tetracyclines (grouped), clindamycin, trimethoprim/sulfonamide 
combinations (grouped), and other miscellaneous antibiotics grouped (e.g. 
metronidazole, streptomycin);  
v. anabolic steroids (grouped); and  
vi. dietary modification.  
Every reported instance was documented with the felid’s ARKS number and ‘house’ name, 
date of treatment or anaesthesia, bodyweight, and the treatments used. Counts of treatment 
administrations were made and compared to overall number of treatment administrations. 
Dose rates were only calculated and recorded from the clinical records for oral phosphate 
binders. For felids given oral phosphate binders, records were reviewed for availability of 
serum phosphorus concentration measurements. For those given ACE inhibitors, records 
were reviewed for the availability of systolic blood pressure or urine protein to creatinine 
(UP:C) measurements. Graphical representations over time of treatment effects on kidney 
function variables were generated in GraphPad Prism® version 7.00. 
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5.3. Results 
A total of 3,740 records of treatments administered to 343 felids, both conscious (1,642 
records) and examined under GA (2,098 records), were tabulated.  
5.3.1. Fluid therapy 
Since 1965, IV fluid administration was documented in 711/3,740 (21%) of treatment 
occurrences reported in felid records, and 66% (228/343) of felids received IV fluids in their 
lifetimes. Of these, only 21/711 administrations of IV fluids were implemented or maintained 
in 16 conscious animals. Five cheetahs, two servals, and a tiger were treated for kidney 
disease, and eight felids (five cheetahs, a jaguar, and two tiger cubs) were treated for a variety 
of non-kidney diseases such as snake bite, myiasis, post-surgical wound treatments, 
toxoplasmosis, and mismothering. It was rarely possible to administer isotonic fluids 
subcutaneously to conscious felids (n=9). Cheetahs were apparently the most compliant 
species, representing 7/9 felids administered SC fluids for management of CKD while 
conscious, with two hand-reared tigers, which were clinically unwell and depressed due to an 
outbreak of virulent calicivirus, representing the other 2/9. 
The vast majority of fluid administrations (690/711) occurred intravenously while under GA. 
Records of IV fluid administration were documented in 33% of instances of general 
anaesthesia (690/2098). Only 14% (98/771) of IV fluid administrations which were associated 
with therapy for CKD were given when the animal was hypercreatinaemic. Of felids diagnosed 
with CKD, 75% had fluids administered at some point during their lifetime. Of the 72 felids 
which died due to CKD, 63 had treatment records available and, of those, 31 (50%) received 
IV fluids as treatment after the onset of CKD. 
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5.3.2. Oral phosphate binders  
Administration of oral phosphate binders to zoo felids was only documented since 2009. 
Fifteen felids without clinicopathological evidence of hyperphosphataemia received prolonged 
courses of oral aluminium hydroxide [Al(OH)3], at doses of 12–15 mg/kg SID for cheetahs, and 
12–40 mg/kg BID for Sumatran tigers for ‘CKD prophylaxis’, often in combination with 
benazepril hydrochloride (an ACE inhibitor). Aluminium hydroxide was the only oral phosphate 
binder administered and evidence of its use was recorded only in South Australian zoos, at 
Adelaide Zoo and Monarto Zoo.  Thirteen cheetahs had medical records documenting Al(OH)3 
administration. Three cheetahs did not have clinical biochemistry results containing serum 
phosphate measurements available for the period of Al(OH)3 administration.   
Five cheetahs were non-azotaemic and normophosphataemic prior to and after commencing 
oral phosphate binder therapy (OPBT); two were still alive and three had died of causes other 
than CKD. Five cheetahs which died of CKD received OPBT; in one cheetah phosphate levels 
became elevated after the onset of azotaemia in the face of OPBT, and in the other four 
cheetahs blood phosphate levels remained within the RI despite azotaemia leading to death. 
Two aged, alive, Sumatran tigers were normophosphataemic prior and subsequent to 
commencing oral phosphate binder administration. Survival times for cheetahs varied greatly 
after onset of treatment with an oral phosphate binder, with median survival of 1.1 years after 
initiating treatment (range 0.07–1.7 years, IQR 0.5–1.5 years). No adverse effects of 
phosphate binder therapy were reported in the clinical records.  
Figures 5.1 a) – l) present measurements of the serum biochemical analytes creatinine, urea, 
and phosphate, before and after commencing oral phosphate binder therapy (OPBT) with 
aluminium hydroxide. Time in years is plotted on the horizontal axis, with t=0 representing the 
time at which OPBT commenced. All available biochemical test results for serum phosphate, 
creatinine and urea concentrations are plotted before or after the commencement of OPBT. 
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Figures 5.1 a) to l) Serum creatinine, urea, and phosphate concentrations, before and 
after commencing oral phosphate binder therapy with aluminium 
hydroxide in various captive non-domestic felids 
The blue shaded area represents the reference interval for serum phosphate concentration (tiger: 1.19–
3.04 mmol/L; cheetah: 1.17–3.42 mmol/L) and the dotted lines represent the upper limit of the reference 
interval for serum creatinine and urea concentrations relevant for each species. 
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Figures 5.1 a) to l) cont.  
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5.3.3. Angiotensin converting enzyme inhibitors  
Records of administration of the ACE inhibitor, benazepril hydrochloride, to zoo felids in 
Australia exist from 2003 on. Twenty-one felids, including cheetahs, Sumatran tigers, servals, 
a clouded leopard, caracal, Asian golden cat, cougar, and a jaguar received courses of oral 
benazepril hydrochloride for treatment of CKD in four zoos – Adelaide, Monarto, Melbourne, 
and Taronga Zoos. No blood pressure measurements were recorded in the animals’ histories. 
Only 6/21 treated felids had UP:C measured, three as a single reading in their lifetimes, and 
three with UP:C measured sequentially during treatment with the ACE inhibitor. Three felids 
(a serval, cheetah, and Asian golden cat) each had a single UP:C measurement of >0.5, which 
provided justification for benazepril therapy. ACE inhibitors were used ‘prophylactically’ before 
the onset of azotaemia in 5 cases, often in combination with an oral phosphate binder. An 
ACE inhibitor was used in clinically azotaemic but non-proteinuric felids in 13 cases.  
5.3.4. Antibiotics  
Beta-lactam antibiotics were one of the most frequently administered treatments in the zoo 
environment. Of 3,740 treatment records, 1,634 contained record of antibiotic administration, 
of which 1381/1634 (84%) were in the β-lactam class. Other classes of antibiotics included 
fluoroquinolones (e.g. enrofloxacin) (10%), lincosamides (e.g. clindamycin) (8%), tetracyclines 
(e.g. doxycycline) (4%), and trimethoprim/sulfonamide combinations (4%). Parenteral 
aminoglycosides were never administered, although several instances of ocular treatment with 
topical gentamicin were reported. Only 6% (95/1634) of antibiotic administrations were 
associated with azotaemic animals. 
Of the 14 confirmed cases of pyelonephritis at post-mortem examination, two had no treatment 
records available for assessment. Twelve felids had sufficient information to determine that 
several courses of antibiotics had been administered during their lifetime, five had received 
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antibiotics for UTI or pyometra, and the remaining seven for incidents such as dental 
treatment, lacerations, and bite wounds. 
5.3.5. Anabolic steroids  
For the period from 1981 to 2013, 93 records of anabolic steroid administration were found in 
43 felid records (Table 5.1). No record of anabolic steroid administration was found prior to 
1981. In 24 felids, anabolic steroids were used as part of multi-modal therapy for CKD, and in 
19 felids no kidney disease was documented at time of treatment and the anabolic steroids 
were used for various conditions such as inappetence of unspecified cause, weight loss, ill-
thrift, icterus/jaundice/cholangiohepatitis, hind limb weakness, ‘geriatric support’, 
osteoarthritis, and as an aid in bone fracture and wound repair, for ulceration of skin and oral 
mucosa. 
Table 5.1 Tally of anabolic steroid treatments for CKD and other conditions, by 
decade 
Time Period Number of anabolic steroid treatments Non-CKD CKD 
1981 – 1992 16 9 7 
1993 – 2002 59 35 24 
2003 – 2013 18 7 11 
TOTALS 93 51 42 
 
Anabolic steroid usage patterns have changed over time for felids. Use of anabolic steroids 
peaked between 1993 and 2003, and their use was less frequently documented in the clinical 
records after 2003. Of all diagnosed cases of CKD, anabolic steroids were administered to 
felids in approximately one third of cases. The median time to death after administration of 
anabolic steroids for CKD was 27 days (IQR 4–235 days). 
  
Chronic Kidney Disease  Thesis  Sydney School of Veterinary Science 
in Australian Zoo Felids  Rachel D’Arcy University of Sydney 
 
158 
5.3.6. Other medications 
Individual instances of use of a variety of other medications as adjunctive therapy for the 
management of CKD appeared in the database including ranitidine and cimetidine (H2 
receptor blockers to reduce gastric acidity); calcitriol (administered once to a felid with end-
stage CKD); urinary acidifiers methionine and ammonium chloride given in four cases of 
crystalluria; and propentofylline (VivitoninTM) given to one aged felid with CKD as a co-
morbidity. Metoclopramide (an anti-emetic) and sucralfate (a mucosal protectant) were 
documented as used for gastrointestinal disease (non-specific inappetence and vomiting), but 
not as a therapy for CKD. Use of probiotics was recorded in one instance. Vitamins were 
commonly administered for both CKD and other conditions. Vitamin B-complex, thiamine, 
vitamins A, D, E, K, and multivitamin administration were recorded.  
5.3.7. Dietary modification  
Clinical histories were examined to detect any record of dietary modification implemented in 
felids with known onset of CKD. Dietary modification was documented rarely in the clinical 
records (three cases). This low reporting rate was a result of the record type used to generate 
the database. Routine dietary management was not recorded in animals’ veterinary records. 
Personal communications with zoo veterinarians and carnivore keepers suggested 
anecdotally that commercial ‘renal diets’ were frequently tried in animals diagnosed with CKD, 
but that dietary modification was often abandoned or sub-optimal because of non-compliance 
of the individual animal with the dietary change. Animals would often choose to starve rather 
than eat protein- and phosphorus-controlled kibbled diets.   
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5.4.  Discussion 
This study demonstrates that while the conventional medical treatment recommendations for 
CKD of non-domestic felids, extrapolated from those for domestic cats [72, 113, 188, 414, 
415],  are recognised and accepted, there are practical constraints in implementing them in 
the zoo setting with large predatory carnivores.   
Fluid therapy can generally only be administered to unconscious animals. This requires 
balancing the negative consequences of administering multiple anaesthetics to animals with 
compromised kidney function against the short-term benefits of fluid therapy. Anecdotal 
accounts where the water content of raw meat was increased by injecting extra water into its 
tissues have been described in isolated instances, but this was a cumbersome solution to 
implement. Non-domestic felids are obligate hyper-carnivores and a high protein diet requires 
excretion of the large amounts of urea produced by protein digestion and metabolism 
throughout their lifetimes. Treatments which increase water consumption and reduce protein 
excretion should ameliorate some of the clinical signs of kidney disease. Some other 
strategies which might be implemented in zoos to increase fluid consumption are: diluted blood 
or milk as meals; water-rich meat broth gels; and ice blocks, which are already often used 
during the hot Australian summer as environmental enrichment and to increase water intake 
on hot days.  
The mainstay of CKD therapy in animals is dietary modification, however most captive non-
domestic felids in Australia have been raised, from weaning, on raw meat diets. Their diets 
have always consisted of whole carcasses or raw meat with or without some bone, skin, or fur 
attached, which also offers environmental enrichment. Transitioning these animals in later life 
to commercially prepared protein-restricted wet diets or dry kibble, especially when they may 
have already reduced appetite due to uraemia, was often unsuccessful. Wack [72] 
recommends gradually introducing commercial 'renal diets' up to a point where they constitute 
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75% of the diet, because "nondomestic felids rarely will eat a diet of 100% commercial renal 
diets." 
It would be a recommendation for future practice that zoos introduce felids in early life to 
commercial kibbled or wet foods as part of their diet, for example as one feed day per week, 
even when not required for medical reasons, as a behavioural conditioning or training strategy. 
These felids, particularly cheetahs and tigers which have a high incidence of CKD in later life, 
need to be trained to tolerate less palatable, protein-restricted ‘renal diets’ earlier in their lives. 
There is limited published information on the benefits of commercial renal diets in non-
domestic felids. One study in cheetahs which compared a whole meat (chicken and horse) 
diet with commercial kibble and renal diets produced ambivalent results, as CKD developed 
in a higher proportion of cheetahs fed a commercial feline ‘renal diet’ than in cheetahs fed a 
meat-based diet, although longevity was increased because the overall death rate was 
reduced compared to the rate prior to commencing the dietary trials [112]. In that study, 
cheetahs transitioned relatively easily to the commercial diet formulations. If zoo felids were 
adequately trained and transitioned to wet or dry renal diets, it may be advantageous in the 
long-term, when a protein-controlled, phosphate-restricted diet will be beneficial. The use of 
appetite stimulants such as mirtazapine may be warranted to encourage appetite in end-stage, 
anorectic felids, but the tolerability of these drugs in non-domestic felids has not been 
established. A prospective case-controlled feeding trial would be useful to determine the 
benefits of renal diets, and it should be specifically designed to assess potential improvements 
in quality and quantity of life in felids such as tigers and cheetahs.  
Antibiotics were the most commonly administered treatment in the zoo setting, with 44% of all 
veterinary treatments involving antibiotic administration. Assuming all antibiotic therapy was 
rationally administered for the control of bacterial infections, this study would demonstrate that 
bacterial infection was a common health challenge for zoo felids. However, the high rates of 
Chronic Kidney Disease  Thesis  Sydney School of Veterinary Science 
in Australian Zoo Felids  Rachel D’Arcy University of Sydney 
 
161 
antibiotic administration were more likely to reflect the practicalities of treating large zoo felids 
than the actual incidence of infection. Animals often received poly-pharmacy when under 
general anaesthesia, as administering medications to conscious animals can be fraught with 
difficulty. Tablets placed in food face the risk of being rejected and not eaten, or that the 
treatment-laced food is consumed by a more dominant animal. Injecting animals by dart from 
a dart gun is unpleasant for the animal and not without risk. Pole training to tolerate conscious 
injections is generally reserved for single isolated administrations such as vaccinations or 
sedation. The favourable risk-benefit analysis for administration of a long-acting antibiotic 
while the veterinarian has access to an unwell felid under general anaesthesia means that 
many of these felids frequently received ‘prophylactic’ doses of antibiotics in the face of a non-
specific illness, even when there was limited evidence of bacterial infection.  
Pyelonephritis was a documented cause of death in 23% of felids (see Chapter Six) even in 
the face of antibiotic therapy. Wack [72] recommends that antibiotics be pulse-dosed quarterly 
and administered for prolonged treatment periods (2–4 weeks), because pyelonephritis is a 
common cause of CKD. Recommendations are that longer courses of antibiotics should be 
administered in confirmed cases of UTI or pyometra, with an antibiotic spectrum based on the 
results of culture and susceptibility testing. 
Phosphorus binding is recommended for the treatment of hyperphosphataemia in felids with 
CKD. In this study, the use of oral phosphate binders varied greatly between institutions and 
reflected the treatment preferences of individual veterinarians. Some zoos, especially those 
with historically large cheetah and tiger populations, or where significant proportions of their 
felid population had succumbed to CKD, implemented a proactive approach to slowing the 
progression of CKD involving daily oral phosphate binder therapy (OPBT) in asymptomatic 
animals, usually as aluminium hydroxide (ALU-TABTM 600 mg tablets, 3M Corporation, USA) 
with meals. Oral phosphate binders act by forming a non-absorbable aluminium phosphate 
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precipitate in the intestine. Aluminium toxicity due to chronic administration can have effects 
such as microcytic anaemia and osteomalacia [431-433]. There is no known safe dose to 
avoid aluminium toxicity and no applicable guideline. Human guidelines advise the use of 
Al(OH)3 for single short courses of less than one-month duration [434], as aluminium toxicity 
has been reported in humans with kidney failure receiving dialysis, due to aluminium being 
present in dialysate water.  
Although this study has demonstrated a willingness by zoo veterinarians to implement 
therapies which may be of benefit in prolonging life and attenuating the negative 
consequences of CKD in felids, their implementation needs to be on a rational basis. In this 
study, 100% of OPBT was commenced in felids which were not hyperphosphataemic, and 
OPBT maintained blood phosphate levels within normal limits in 80% of cheetahs which died 
with CKD. Cheetahs which died of CKD had median survival times of 1.1 years after 
commencing OPBT. Chapter Three demonstrated that hyperphosphataemia is a significant 
biochemical abnormality in Australian felids with CKD, although no conclusions about the 
benefits of OPBT could be drawn because, while dietary absorption of phosphate may have 
been attenuated by OPBT, a clinically significant reduction in measured serum phosphate 
levels could not be demonstrated. In human medicine, the links between serum phosphate 
levels, oral phosphate intake, and urinary excretion are not clearly elucidated and the benefits 
of OPBT are in question [195, 198]. There were no demonstrable adverse effects associated 
with prolonged administration of Al(OH)3 to tigers and cheetahs, and aluminium is considered 
to have a ‘low’ potential for producing adverse effects in humans, dogs, and laboratory rodents 
[433, 435]. OPBT using agents other than aluminium hydroxide, such as an iron/starch 
sucrose complex (Lenziaren®, Novartis, Basel, Switzerland) or calcium carbonate (Ipakitine®, 
Vetoquinol, Pinkemba, Queensland, Australia), have also been shown to be well tolerated in 
domestic cats [197, 436, 437].  
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Given that there were no reported adverse effects associated with the prolonged 
administration of aluminium salts, using phosphate binders prophylactically to prevent 
hyperphosphataemia is practical and logical, however it is also essential to monitor plasma 
phosphate concentrations, using the individual felid as its own benchmark. Further work to 
confirm the serum inorganic phosphate RIs for normal felids, and further prospective case-
controlled studies to assess the benefits of OPBT as a therapy for CKD are warranted.   
Similarly to domestic cats, ACE inhibitor therapy is recommended as part of multimodal 
therapy to treat CKD in zoo felids [72]. In domestic cats, ACE inhibitors have been shown to 
reduce proteinuria and, in proteinuric cats where UP:C >1.0, treatment with benazepril 
significantly increased survival times and appetite [438]. It appears that zoo felids follow a 
pattern similar to domestic cats, in that proteinuric felids with CKD represent a relatively small 
subset within all felids with CKD (see Chapter Seven). Of domestic cats with CKD, the largest 
proportion do not become proteinuric [207], and have UP:C values within the reference interval 
<0.4 [173]. For those cats where high levels of protein loss occur in the urine, ACE inhibitors 
and/or ARBs are warranted. Diagnostic tests are needed to confirm the condition prior to 
initiating therapy, as there is minimal benefit from administering daily medication to felids 
which are not proteinuric. This study has demonstrated that ACE inhibitors have been used in 
a wide range of felid species for treatment of CKD, although it was rare that the 
pathophysiological basis was demonstrated. Secondary target organ damage, such as intra-
ocular haemorrhage or retinal detachment [179, 439-441], was not reported in this study, 
although it has been reported in large felids [335]. It is recommended that there be some 
clinical evidence of need before ACE inhibitor therapy is initiated. In some cases in this study, 
benazepril [417] was used as a last-ditch effort in felids in end-stage kidney failure, but the 
medication was of questionable benefit and possible detriment.  
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Neither calcitriol nor erythropoietin therapy were documented in this study. Anaemia is not a 
common feature of CKD in zoo felids (Chapter Three), whereas weight loss, sarcopaenia, and 
generalised weakness and debility were consistent features. This was more consistent with 
the protein-energy wasting (PEW) syndrome seen in humans which is a significant short-term 
risk factor for mortality associated with CKD  [106-108, 442].  
The use of anabolic steroids is no longer recommended in small animal medicine. This study 
demonstrated that the time from administration of anabolic steroids to death in captive felids 
was very short (median 25 days), which raised the question whether anabolic steroids 
hastened death or were just used as ’the last rites’ – an unsuccessful attempt to administer 
any potentially beneficial therapy in an effort to prolong life. Patterns of anabolic steroid 
administration have changed over the last five decades, from being the mainstay of treatment 
for CKD, to now being out of favour. No published studies exist which investigate the potential 
benefits of anabolic steroids (such as nandrolone or boldenone) for management of CKD in 
domestic cats, and stanozolol is not recommended in domestic cats due to the risk of 
hepatotoxicity [421, 423].  
A rational and positive case for the therapeutic benefit of anabolic steroids could be argued in 
the zoo setting, as these felids present with weight loss, decreasing muscle mass, and 
weakness. However, the short time from administration of steroids to death observed in this 
study may provide evidence of their limited benefit for increasing quantity of life. Similarly, 
novel medical interventions addressing sarcopenia and protein energy wasting syndrome in 
large felids are likely to be beneficial.  
Medical treatment should address any aetiological agents of CKD, including the 
discontinuation of nephrotoxic drugs. There was little evidence of administration of any 
nephrotoxic agents to felids in Australian zoos. Gentamicin was documented as being 
administered topically in ocular preparations, but never parenterally. This thesis has 
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demonstrated that drugs such as NSAIDs and GA induction agents have minimal detrimental 
effects on kidney function (Chapter Four) in non-domestic felids.   
For treatment of CKD in felids, zoo medicine textbooks recommend the use of H2 antagonists, 
mucosal protectants, and antiemetics [72, 121], however these treatments were rarely used 
in Australian zoos. Metoclopramide and ranitidine or omeprazole and sucralfate are 
recommended in uraemic crises to address the associated inappetence and gastric erosion. 
Therapy should always have a clinical justification, and this study suggests that the secondary 
lesions associated with uraemia were infrequently observed. This is not to suggest that these 
lesions were not present, but a more intimate investigation of zoo felids would be required to 
demonstrate their presence than is practicable in the zoo setting.  
Potassium supplementation is recommended [72] to address hypokalaemia, which has been 
reported as a frequent complication of CKD in domestic cats, but was reported in a minority of 
Australian felids in this study (Chapter Three), possibly because vomiting is not a consistent 
feature of clinical presentation of CKD in large felids. 
5.5. Conclusions 
It was apparent from this study that zoo veterinarians implemented a wide range of therapies 
in their treatment of non-domestic felids with CKD, although the diagnostic and logistic 
limitations inherent in dealing with large predatory carnivores meant that the most common 
treatment modalities were antibiotics and IV fluid therapy. Antibiotics are one of the most 
commonly used treatments in zoos, however to be of benefit in the management of CKD, for 
conditions such as pyelonephritis, courses should be prolonged (i.e. 4–6 weeks) and have an 
appropriate spectrum of efficacy based on the results of culture and sensitivity testing.  
Administering fluids to zoo felids is practically impossible unless the animal is anaesthetised, 
therefore fluid therapy will always be constrained by assessment of the risk of an anaesthesia 
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versus the benefits of correcting dehydration. It was rare that zoo felids could be maintained 
on IV fluids for long enough to have a diuretic effect and reduce levels of azotaemia.  
While ACE inhibitors have been used in zoo felids, they were unlikely to have been of benefit 
because no demonstrable correction of hypertensive symptoms, e.g. secondary target organ 
damage such as retinopathy, ocular haemorrhage, or proteinuria, was in evidence. No adverse 
effects of prolonged administration of aluminium hydroxide were demonstrated in this study, 
and 4/5 felids with CKD did not develop hyperphosphataemia prior to death while receiving 
OPBT. This would be a productive avenue for future research, as hyperphosphataemia is a 
significant risk factor for reduced survival times, and a prospective case-controlled clinical trial 
would be beneficial, to determine if OBPT can maintain serum phosphate levels within the 
normal RIs for felids affected by CKD. Finally, a key future direction for medical management 
of CKD in zoo felids will be to improve treatments to maintain body weight and muscle 
condition, and counteract the effects of sarcopaenia and protein energy wasting associated 
with CKD. 
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Chapter 6 A histological review of kidney tissue from thirty non-domestic felids 
from Taronga Zoo, Sydney and Taronga Western Plains Zoo, Dubbo 
6.1. Introduction  
Histopathology is used to observe disease processes in fine detail and is an extension of the 
gross anatomical examination of organs and tissues performed at necropsy. Both are 
necessary for a complete post-mortem assessment of disease processes. Histopathological 
changes in the kidney can be broadly divided by anatomical location into: i) tubulointerstitial 
diseases such as tubulointerstitial nephritis (TIN), lymphocytic interstitial nephritis (LIN), and 
pyelonephritis; ii) glomerular diseases, e.g. glomerulopathies and glomerulonephritis; iii) renal 
papillary diseases, e.g. pyelitis and renal papillary necrosis; or iv) diseases which can be 
distributed in any region of the kidney, e.g. amyloidosis (chronic inflammation) or 
mineralisation.  
The pathogenesis of kidney disease can be complex and varied. Diseases of the tubules 
cause morphological changes in the epithelial cell lining, and as the tubules and interstitium 
are intimately related, damage to one affects the other. Initially, acute onset conditions such 
as ischemia, nephrotoxins or urinary outflow obstruction cause tubular necrosis, while more 
chronic inflammatory or degenerative diseases such as infections, either haematogenous or 
urogenous ascending infections, toxins, immunologic disorders, toxic chemicals or therapeutic 
drugs initiate a chronic cycle of infiltration with inflammatory cells and chronic fibrosis [91]. 
Conversely, for glomerulonephritis, for example, the most commonly identified pathogenesis 
is immune complex deposition within the glomeruli. In CKD, the inciting cause of disease is 
often idiopathic, however it is postulated that kidney injury is initiated along common 
pathophysiological pathways by repeated episodic events such as hypoxia, ischemia, 
infectious or toxic insults [294]. 
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Within the renal tubules, ischemia or hypoxia leads to failure of plasma membrane Na+-
K+ ATPase and depletion of intracellular ATP in tubular cells. Derangements in plasma 
membrane function lead to cytotoxic changes in intracellular ion concentrations, and 
cytoskeletal changes cause degradation of apical microvilli, loss of cellular polarity, and 
increased cellular apoptosis. Tubular cells may lose their attachments to the basement 
membrane and slough. To stimulate repair, injured tubular cells release profibrotic mediators 
and proinflammatory cytokines, which recruit leukocytes and fibroblasts into the renal 
interstitium, increasing extracellular matrix (ECM) production and inflammatory cell 
infiltrate[78, 295, 296]  
In the renal corpuscle, all forms of glomerular disease start with damage to the podocytes that 
maintain the filtration barrier of the glomerular basement membrane. Deposition of ECM leads 
to thickening of the glomerular mesangium and can cause adhesion of the glomerular tuft to 
Bowman capsule (seen as crescents or synechiae). Adhesions and proteinaceous crescent 
deposition mature and heal to form fibrous deposits, leading to obliteration Bowmans space 
and resulting in glomerulosclerosis. Glomerulosclerosis is a major cause of GFR reduction in 
CKD and all three major glomerular cell types (podocytes, mesangial cells and endothelial 
cells) participate in the fibrotic process [78, 297-300].  
It has been demonstrated that ongoing inflammation and fibrosis is stimulated by a variety of  
cytokines such interleukin 8 (IL-8), the profibrotic mediator transforming growth factor beta 
(TGF-β) [301-303] , the proinflammatory phosphatonin fibroblast growth factor 23 (FGF‐23) 
[304, 305], nuclear factor kappa B (NF-ĸB) [306], α-smooth muscle actin (SMA) and 
transglutaminase 2: a collagen cross-linking enzyme which have been upregulated in models 
of kidney injury [307]. Theses chemokines and cytokines are potent mediators causing the 
activation of myofibroblasts that increase production of ECM components, and have been 
identified as mediators in the progression of CKD [308-312].  
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Additionally compensatory adaptations such as single nephron hypertrophy and hyperfiltration 
to maintain glomerular hemodynamics, and increased SNGFR to maintain filtration volume, 
also occur as renal reserve is lost, mediated via activation of the renin-angiotensin-aldosterone 
system (RAAS) [92]. Activated angiotensin II increases intraglomerular pressure, feeding back 
to increase podocyte damage, and increasing pro-inflammatory and pro-fibrotic factors[83, 
308]. 
The kidney possesses only a limited capacity for regeneration, and with repeated or sustained 
injury to the kidney it is hypothesised that the resultant inflammation and up-regulation of 
profibrotic mediators becomes maladaptive [312]. The resultant accumulation of ECM 
components in the glomeruli (glomerular fibrosis, glomerulosclerosis) and the tubular 
interstitium (tubulointerstitial fibrosis) destroys the normal architecture and function of the 
kidney.  
In brief, chronic repetitive ischemic or cytotoxic episodes disrupt normal renal architecture by 
a variety of pathophysiological mechanisms. This interference in the normal relationship 
between peritubular capillaries and renal tubules result in tubular degeneration, atrophy and 
fibrosis with secondary glomerulosclerosis. This in turn results in reduced GFR, reduced renal 
perfusion, loss of podocytes, and perivascular and interstitial fibrosis. This persistent cycle of 
increasing interstitial fibrosis ultimately leads to the loss of filtering capacity and to end-stage 
kidney disease.  
There is a consensus that, in non-domestic and domestic felids alike, and indeed in other 
carnivores such as dogs [313-315] and polar bears [111], that the histopathological endpoint 
of a diverse array of kidney disease processes is fibrosis of the renal corpuscle and tubular 
structures [316-318], resulting in glomerulosclerosis, glomerular obsolescence, tubular 
atrophy, and interstitial fibrosis [29, 49, 67-70, 91, 319]. Often the inciting aetiologies cannot 
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be determined by examination of these end-stage kidneys at necropsy [91, 203, 207, 320, 
321]. 
Specific aetiologies for kidney disease which have been reported for non-domestic felids 
include pyelonephritis [69, 319, 322], immune-mediated glomerulopathy (in Iberian lynx) [21], 
malignant renal neoplasia [65], renoliths [73, 323], and oxalate nephrosis [324-327]. Other 
morphological diagnoses such as glomerulosclerosis were reported in cheetahs [67], and 
renal cysts, hydronephrosis, cystitis, and ‘renal hypertension’ were reported in jaguars [19]. 
Amyloid A amyloidosis has been described in tigers, cheetahs, and black-footed cats (Felis 
nigripes) [28, 66, 199, 328, 329], and renal papillary necrosis (RPN) [330-332, 333 ] has been 
reported in lions and tigers, in some cases possibly associated with NSAID administration [69]. 
Renal lesions are common in non-domestic felids, with reported prevalence at necropsy in the 
range of 74% [69] to 87% [70], although CKD was not the ultimate cause of death in a 
substantial proportion of cases. While pathological changes to kidney tissues were noted in 
74% (52/70) of samples in one study, only 16% (11/70) of felids died of, or were euthanised 
for, CKD [69].  
Some felid species have markedly higher incidences of kidney disease on histopathological 
examination than others. In Iberian lynx, membranous glomerulonephritis was ubiquitous, with 
a reported incidence of 96% (26/27) [29]. Glomerulosclerosis has been reported to be present 
to some degree in 82–84% of captive cheetah [67, 68], and glomerulosclerosis was moderate 
to severe in 30% of the cheetah kidneys examined. Pyelonephritis associated with renal 
papillary necrosis has also been described in populations of captive cheetahs globally [30, 
334]. One study reported that 33% (7/21) of captive jaguars had glomerulonephritis, interstitial 
nephritis, or pyelonephritis, while 29% (6/21) were reported as having idiopathic ‘renal disease’ 
or ‘renal failure’. This contrasts markedly with other felid species, such as snow leopards [74, 
335-337] and lions, where reports of disparate renal diseases (renoliths, cloisonné kidney, 
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amyloidosis, renal papillary necrosis, renal cysts, urate deposition, or idiopathic CKD) exist 
only as individual case reports [49, 338-342].  
A comprehensive review of the histologic findings on renal disease in zoo felids [69] found that 
the most common lesions reported were tubulointerstitial nephritis (TIN), with 51% of felids 
affected to some degree. The presence and severity of TIN was correlated with increasing 
age. Severe TIN was present in 82% (9/11) of felids euthanised for CKD, demonstrating a 
correlation between the severity of histologic renal lesions and CKD as cause of death. 
Lymphocytic interstitial nephritis affected 36% of tigers and 11% of lions, but was rarely 
reported in other species. Lymphocytic pyelitis was seen in 60% of kidney specimens which 
included renal pelves, but only one felid had pyelonephritis. Renal papillary necrosis was 
present in 13/70 felids. The reported prevalence of primary glomerular lesions differs 
substantially between studies. It was absent in all felids in one study [69], but had a high 
prevalence in others [67, 68, 343]. Histopathologic investigations of non-domestic felids have 
carefully described the gross and histologic findings in kidney tissues at necropsy, but it is fair 
to say that there is a knowledge gap regarding the factors which may contribute to the 
observed kidney disease processes during life.  
The aims of this study were to: i) conduct a comprehensive histopathological review using 
routine and special staining of preserved kidney tissue samples from 30 felids housed by the 
Taronga Conservation Society between 1965 and 2015; ii) describe and stage the pathological 
processes seen in the kidneys of this subset of felids which died with, and also without, CKD;  
iii) detect ante-mortem evidence of CKD from the clinical records of these felids which is 
consistent with the post-mortem histopathologic findings; and then iv) review the clinical 
records and necropsy reports from eight other zoos in Australia and categorise the most 
common histopathological lesions observed at necropsy in non-domestic felids which died 
with CKD. 
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6.2. Materials and Methods 
Part A:  Histological evaluation of thirty cases from Taronga Zoo, Sydney and  
Taronga Western Plains Zoo, Dubbo 
6.2.1. Case selection 
The set of all available felid necropsy reports from Taronga Conservation Society was 
compiled. Case numbers were tabulated, and with Taronga Conservation Society ethics 
approval and the kind assistance of Taronga Zoo, Sydney veterinary staff, all accessible 
kidney tissue blocks of felids which died both with and without kidney disease were 
requisitioned. All cases were requested where CKD was recorded as a primary cause of death 
and/or necropsy reports indicated pathological kidney changes were evident and a significant 
co-morbidity at time of death. Several specimens were also requested which had no significant 
gross or microscopic kidney abnormalities reported.  
6.2.2. Slide preparation 
Formalin-fixed, paraffin-embedded (FFPE) kidney tissue blocks were obtained from the 
archives at the Veterinary Quarantine Centre at Taronga Zoo, Sydney for 30 felids. Recuts 
(4µm) were made from the tissue blocks and processed at the University of Sydney, School 
of Veterinary Science Histopathology Laboratory to provide a series of eight slides which were 
stained with routine and special stains as outlined in Table 6.1. Slides were examined using 
conventional light microscopy, and Congo red stained sections were also examined under 
polarised light.  
  
Chronic Kidney Disease  Thesis  Sydney School of Veterinary Science 
in Australian Zoo Felids  Rachel D’Arcy University of Sydney 
 
173 
Table 6.1 Stains used to examine kidney tissue sections of thirty felids from  
Taronga Conservation Society 
Stain Purpose of Stain [344] 
Haematoxylin and eosin 
(H&E) 
Examination of cellular structure 
Nuclei appear blue, and cytoplasm, RBC, eosinophilic granules, and some tissue 
elements appear as various shades of pink 
Gomori’s trichrome 
(Trichrome) 
Visualisation of connective material 
Collagen appears blue, amyloid is pale blue, nuclei are black, cytoplasm is red 
Periodic Acid Schiff (PAS) 
Visualisation of basement membranes (BM) 
 BM and carbohydrates stain pink to red 
Congo red 
Amyloid  
Amyloid appears salmon pink against a pale background (light microscopy) and 
birefringent apple green against a dark background (polarised light microscopy) 
Giemsa 
Visualisation of haematopoietic cells (RBC, WBC, platelets) or bacteria,  
e.g. Helicobacter pylori  
Von Kossa 
Calcium mineralisation  
Mineral deposits appear black against pink background tissue  
Gram Twort 
Visualisation of bacteria 
Gram-negative bacteria stain red-pink and gram-positive bacteria stain violet, with 
background tissue appearing with a blue counterstain 
  
 
6.2.3. Histological evaluation 
All cases were reviewed histologically by the author; and a Diplomate of the American College 
of Veterinary Pathologists.  
 Categorisation and grading of kidney lesions 
Histopathological classifications and descriptions of microscopic changes were based on the 
categorisation of kidney lesions, as described by Cianciolo and Mohr [91]. The methodology 
of Newkirk et al. [69] was used as a template for the description and assessment of the severity 
of the changes observed in histopathology sections.  
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A classification system was devised based on the anatomical location of the lesions within the 
kidneys, namely: disease of the renal corpuscle; tubulointerstitial disease; and/or disease of 
the renal crest and pelvis (if present in the section). Diseases not associated with specific 
renal architecture were also evaluated for amyloid deposits, neoplasia, mineralisation, and 
infarction.  
The major sub-categories for tubulointerstitial lesions were: lymphocytic/plasmacytic (L/P) 
tubulointerstitial nephritis (TIN); lymphocytic interstitial nephritis; and pyelonephritis. The 
presence of fibrosis, material in tubular lumens, tubule loss and atrophy, cystic or necrotic foci, 
and types of inflammatory cell infiltrates were noted. The major sub-categories for lesions in 
the renal corpuscle, viz. thickening of glomerular basement membranes, mesangial 
proliferation, synechiae, peri-glomerular fibrosis, infiltration by inflammatory cells, 
glomerulosclerosis, and glomerular atrophy or obsolescence, were specifically appraised. In 
the renal crest and pelvis, when present, the epithelium, underlying tissues, and deep medulla 
were evaluated for evidence of pyelitis, pyelonephritis, and renal papillary necrosis.  
An objective grading system was developed to reduce a very descriptive process to a 
categorical scale and facilitate quantitative analysis of the animal’s clinical history. For 
tubulointerstitial lesions (e.g. TIN, pyelitis, and pyelonephritis), all kidney sections were graded 
on a 4-step lesion scale based on the extent of renal involvement. A minimum of three sites 
considered representative of lesions in the tissue section in a 5mm diameter field of view (i.e. 
4x objective magnification) were graded according to the extent of lesions as a percentage of 
the field of view (FOV), with 0 to 10% = normal, 10 to 33% = mild, 34 to 66% = moderate, and 
>66% = severe. The degree and location of fibrosis, tubule loss, and types of inflammatory 
cell infiltrates were also noted. Illustrative examples of each of the categorical scores are 
presented in Figures 6.1 a) – d).  
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A grading scale was devised, based on a modification of the methodology of Bolton [67] for 
glomerulonephropathies. All kidney sections were graded on a 4-step lesion scale – ranging 
from 1) normal, 2) mild, 3) moderate, to 4) severe – based on the extent of histopathological 
changes within the renal corpuscle (RC). Changes within the renal corpuscle were assessed 
using haematoxylin and eosin (H&E), periodic acid Schiff (PAS), and trichrome stained 
sections. Each slide was examined at low power, representative areas of renal cortex were 
located and then, in a higher powered 500µm diameter field of view (i.e. 40x objective 
magnification), a count was performed of the total number of RC per high powered field (HPF) 
and the number of sclerosed glomeruli evident in that same field. This process was repeated 
over three separate HPFs and glomerular disease was categorised based on the average of 
the three fields. Normal kidneys had 0–1 affected RC per HPF, mild had 1–3 affected RC per 
HPF, moderate had 4–8 affected RC per HPF, and severe had >8 affected RC per HPF. 
Basement membrane (BM) thickening was assessed on PAS stained sections and graded on 
a scale of 1 to 4 (1=normal, 2=mild, 3=moderate, 4=severe). Illustrative examples of BM and 
glomerular disease grading scores are presented in Figure  6.2 a) – d).  
A 4-stage grading system, based on Papendick’s [66] classification methodology for 
amyloidosis, was developed in 5mm diameter fields of view (i.e. 4x objective magnification), 
where: nil = no amyloid deposition; mild = patchy deposition in the interstitium (i.e. <1 to 2 
areas of amyloid deposition per FOV); moderate = patchy deposition in the interstitium (over 
half the FOV had amyloid deposition); and severe = coalescing foci of amyloid deposition (all 
FOV contained some areas of amyloid). Amyloid was confirmed in Congo red stained kidney 
tissue sections under polarised light by observing a characteristic apple green fluorescence 
against a dark unlit background. No further characterisation of amyloid was performed.  
Where possible, a primary morphological diagnosis was assigned as either TIN, 
glomerulopathy, amyloidosis, mineralisation, pyelonephritis, or RPN. When one pathological 
Chronic Kidney Disease  Thesis  Sydney School of Veterinary Science 
in Australian Zoo Felids  Rachel D’Arcy University of Sydney 
 
176 
process predominated, this was assigned as the primary lesion, but in many cases a spectrum 
of histopathological changes was observed and a distinction between primary and secondary 
lesions could not be made with confidence.  
6.2.4. Aetiological determination 
Once all slides had been viewed and described, the clinical records were re-examined for any 
plausible aetiological agents which might be associated with the histopathological findings at 
necropsy. The primary reason for death or euthanasia was recorded. Cause of death was 
categorised as per Section 2.2.3.4, based on clinical signs and historical findings. Clinical 
records were evaluated to determine the incidence of urinary tract infection (UTI), pyometra, 
administration of NSAIDs or other nephrotoxic agents in the three months prior to death, 
proteinuria (based on UP:C), and loss of urine concentrating ability (i.e. USG <1.035). 
Serological status for feline immunodeficiency virus (FIV) and feline leukaemia virus (FeLV) 
was also determined, because association with viral infection has been postulated as a risk 
factor for the immunological stimulation underlying membranous glomerulopathy [29]. 
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Figures 6.1 a) to d) Grading scale of tubulointerstitial lesions 
NORMAL MILD MODERATE SEVERE 
1.0 mm 1.0 mm 
1.0 mm 1.0 mm 
a) b) c) d) 
Figures 6.1 a) to d) illustrate the 
increasing severity of tubulointerstitial 
nephritis lesions (presented in 
Gomori’s trichrome stained sections to 
highlight connective tissue). 
 
a) Male Asian golden cat, 12.1 years. 
Normal cortex with mildly dilated 
convoluted tubules, no interstitial fibrosis, 
and normal renal corpuscles.  
 
b) Male Bengal tiger, 8.6 years.  
Mild interstitial fibrosis in linear tracts (10-
33% field of view), most renal corpuscles 
are normal, occasional sclerosed 
glomeruli. 
 
c)  Male cheetah, 13.2 years.  
Linear tracts of fibrosis occupying  
34-66% of field of view. Renal corpuscles 
embedded in the areas of fibrosis are 
predominantly normal. Focal sclerosed 
glomeruli and mild infiltration of the 
medulla with inflammatory cells.  
 
d) Male Sumatran tiger 16.6 years.  
Severe interstitial fibrosis (blue), with 
tubular atrophy, lymphocytic/plasmocytic 
infiltration, and concurrent severe 
generalised glomerulosclerosis.  
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Figure 6.2 Grading scale of basement membrane and glomerular lesions  
 
Figures 6.2 a) to d) illustrate the increasing severity of glomerular lesions (presented in Periodic Acid Schiff stained sections to highlight basement membranes). 
a) Male Asian golden cat, 12.1 years. Normal cortex with normal renal corpuscles and basement membranes. 
b) Male fishing cat, 7.5 years. Mild thickening of glomerular basement membranes (BM) and mild membranous glomerulopathy. BMs of convoluted tubules appear normal.  
c) Male Bengal tiger, 8.6 years. Moderate generalised thickening of glomerular and tubular BMs, interstitial fibrosis, and focal glomerular sclerosis.  
d) Female lion, 17.1 years. End-stage kidney. Generalised glomerular obsolescence and glomerular sclerosis, marked thickening of BMs, generalised tubular atrophy, interstitial fibrosis,  
and lymphocytic/plasmacytic infiltration of cortical interstitium.  N.B. >8 sclerosed glomeruli were visualised per high-powered field due to atrophy and loss of the tubular structures  
that should separate them. 
NORMAL MILD MODERATE SEVERE 
200 µm 200 µm 200 µm 200 µm 
a) b) c) d) 
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Part B:  Retrospective analysis of all necropsy reports from ten Australian zoos  
All available necropsy reports for felids from ten Australian zoos were tabulated, and a 
checklist of histopathological findings was created. Details used to identify individual felids 
within the ‘Necropsy Reports’ table of the database were: ARKS number; ‘house’ name; 
species; date of death; and the report number issued by the examining pathology service. A 
yes/no checkbox was created for evidence of any kidney disease (gross or microscopic) 
generally, and the following specific histopathological descriptions were used: 
lymphocytic/plasmacytic (L/P) interstitial nephritis; lymphocytic interstitial nephritis (LIN); 
pyelonephritis; membranous glomerulopathy; glomerulosclerosis; medullary fibrosis; tubular 
atrophy; renal papillary necrosis; mineralisation; amyloid deposition; irregular kidney size; 
hydronephrosis; and renal cysts. A free text box allowed sentence descriptions for the 
following body systems: urinary; reproductive; respiratory; cardiovascular; musculoskeletal; 
gastrointestinal; hepatic; splenic; endocrine; and miscellaneous (a catch-all category for 
causes of death such as disseminated multi-organ neoplasia, terminal sepsis, tick 
intoxication, and ocular injuries). Cause of death was attributed to a primary cause of death 
and briefly described, and CKD was identified where it was a recognised co-morbidity. 
6.2.5. Data analysis  
Spearman’s rank coefficient was calculated to quantify the correlation between the severity 
of the primary renal lesion and: age at death; NSAID use; USG measurement (converted to 
a dichotomous measurement – low (inappropriately dilute) vs. high (appropriately 
concentrated), with 1.035 as the threshold); serum inorganic phosphate concentrations; FIV 
status; FeLV status; and UP:C as a categorical measurement (non-proteinuric: <0.2, 
borderline proteinuric: 0.2–0.4, and proteinuric: >0.4). Results were presented as correlation 
coefficient ρ with 95% confidence intervals (CI). P<0.05 was considered statistically 
significant for all comparisons. 
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6.3. Results 
 
Part A:  Histological evaluation of thirty cases from Taronga Zoo, Sydney and  
Taronga Western Plains Zoo, Dubbo  
For the period between 1965 and 2012, 68 adult felids with known cause of death were 
identified in the clinical records of both Taronga Conservation Society zoos at Sydney and 
Dubbo, NSW. Felids have only been held at Taronga Western Plains Zoo, Dubbo since the 
facility opened in 1977. Chronic kidney disease was the primary cause of death in 35 of the 
68 felids and, of these, 14 felids had archived FFPE kidney tissue blocks available for 
recutting and staining. An additional 13 felids which died of OTHER causes also had FFPE 
kidney tissue blocks available. Furthermore, three felids died of CKD between 2012 and 2015 
(the data collection period for this project) and kidney tissue specimens collected at their 
necropsy examinations were fixed in 10% buffered formalin, embedded in paraffin, and 
retained for slide preparation. In total, 30 kidney tissue sections from six different species and 
sub-species  
(3 African lions, 4 Asiatic lions, 4 Bengal tigers, 3 Sumatran tigers, 10 cheetahs, 3 fishing 
cats, 2 Asian golden cats, and 1 clouded leopard) of felid were available for review. The 
species, ages, and causes of death are presented in Table 6.2.  
Of the 30 cases reviewed, 17 cases had CKD as their primary cause of death, 7 felids died 
of other causes with minimal renal changes seen at histopathological review, and 6 felids 
died of other causes, but had CKD as an identified co-morbidity. 
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Table 6.2 Species, sex, age at death, and cause of death of thirty felids that 
underwent histological review of kidney tissue samples 
Case 
No. 
Species Sex 
Age at death 
(years) 
Cause of death 
1 African Lion male 16.5 CKD 
2 Asiatic Lion female 19.1 CKD 
3 Asiatic Lion male 20.9 CKD 
4 Bengal Tiger male 17.4 CKD 
5 Sumatran Tiger female 21.5 CKD 
6 Sumatran Tiger male 16.6 CKD 
7 Sumatran Tiger male 19.3 CKD 
8 Tiger male 21.4 CKD 
9 Tiger male 15.2 CKD 
10 Cheetah male 10.5 CKD 
11 Cheetah female 13.7 CKD 
12 Cheetah female 17.3 CKD 
13 Cheetah male 13.2 CKD 
14 Cheetah male 4.1 CKD 
15 Cheetah female 13.7 CKD 
16 Fishing Cat female 14.3 CKD 
17 Fishing Cat female 13.6 CKD 
18 African Lion male 14.6 MISADVENTURE 
19 Asiatic Lion female 10.3 MISADVENTURE 
20 Cheetah female 8.9 MISADVENTURE 
21 Cheetah male 3.4 MISADVENTURE 
22 Fishing Cat male 7.5 MISADVENTURE 
23 Cheetah male 3.3 NEUROLOGICAL 
24 Asiatic Lion male 15.9 SENESCENCE 
25 Lion female 17.1 INFECTION 
26 Bengal Tiger male 8.6 GASTROINTESTINAL 
27 Cheetah male 11.7 GASTROINTESTINAL 
28 Clouded Leopard male 14.2 NEOPLASIA 
29 Asian Golden Cat male 5.8 NEOPLASIA 
30 Asian Golden Cat male 12.1 RESPIRATORY 
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6.3.1. Histological findings 
Histopathological kidney lesions were present in 26/30 felids (87%). Tubulointerstitial 
nephritis (TIN) was the most common lesion, being noted in 16/30 (53%) of cases (Table 
6.3). Multiple concurrent pathological changes were frequently observed.  
Tubulointerstitial nephritis (TIN), by definition, is characterised by lesions involving the 
interstitium and tubules as its primary disease process [91]. Frequently observed features 
included foamy vacuolation of proximal tubular epithelial cells and widely dilated lumens 
containing amorphous eosinophilic substance, sometimes with sloughing of the epithelium 
from the BM. Interstitial infiltration predominantly involved lymphocytic and plasmacytic cells, 
accompanied by the proliferation of fibroblasts and the resulting fibrosis, with bands of 
eosinophilic ground substance deposited in the interstitium (Figures 6.3). Severe TIN was 
observed as tubular degeneration, necrosis, and atrophy, associated with thickening of the 
BM and replacement of tubules with fibrosis. Sclerotic and shrunken glomeruli with a 
thickened Bowman’s capsule were commonly embedded in the areas of fibrosis and atrophy. 
Tubulointerstitial nephritis was frequently associated with pyelonephritis and 
glomerulosclerosis. Severe TIN was commonly seen in end-stage kidneys.  
Within individual kidney sections, it was not uncommon to observe irregular focal areas of 
tissue changes where damage was severe and complete, adjacent to areas of kidney with 
relatively normal structures evident (Figure 6.4). In these instances, an overall proportional 
estimate of the degree of tissue damage was used to assign a grading.  
Lymphoplasmacytic interstitial nephritis, defined as a primarily lymphocytic infiltrate without 
tubular changes [69], was not reported in this study. 
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Figures 6.3 Tubulointerstitial nephritis in a male Asiatic lion, 20.9 years 
a) Severe generalised cortical interstitial fibrosis with occasional normal renal corpuscles embedded in wedge-shaped 
areas of fibrosis. H&E stain. 
b) Interstitial fibrosis, foamy vacuolation of proximal convoluted tubular epithelium, thickened basement membranes, 
sloughing of epithelium into the tubular lumen, congestion of blood vessels, L/P inflammatory infiltrate. H&E stain. 
1.0 mm 
a) 
100 µm 
b) 
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Figure 6.4 Severe tubulointerstitial nephritis in a male African lion, 16.5 years  
Wedge-shaped lesion consistent with infarct or chronic pyelonephritis. Fibrosis appears blue. Gomori trichrome stain 
 
Pyelonephritis was a common histological diagnosis in this study, occurring in seven of the 
17 specimens with CKD, invariably associated with both medullary fibrosis (MF) and 
membranous glomerulonephropathy. Pyelonephritis was always moderate to severe in felids 
that died of CKD. In three cases, bacteria could be visualised within the lumens of collecting 
ducts and the interstitium of renal papilla, presenting as moderate numbers of cocci, 
occasional short plump bacilli, or long filamentous rods, respectively. Pyelonephritis was 
associated with massive infiltration of the sub-epithelial layers and the interstitium of the renal 
1.0 mm 
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crest with amorphous pink ground substance, polymorphic and mononuclear leucocytes (i.e. 
neutrophils, lymphocytes, plasma cells, and to a lesser extent macrophages) and fibrosis and 
mineralisation of medullary tissue. Erosion and ulceration of the epithelium lining the renal 
pelvis was recorded in two cases. Segmental rays of fibrosis extending from the medulla and 
infiltrating into the cortex, with focal areas of mononuclear leucocyte infiltration and sclerotic 
glomeruli embedded in the bands of fibrosis, were commonly seen. Erythrocytes, polymorphic 
leucocytes, and proteinaceous material (pus and blood) in the lumina of the renal pelvis and 
collecting ducts were visible in three tissue sections, and in gross necropsy reports purulent 
material was observed in the renal pelvis in all cases (Figures 6.5).  
Figures 6.5 Suppurative pyelonephritis in a lion and a fishing cat  
Left image: Female Asiatic lion, 19.1 years.  
Interstitial inflammatory infiltration, with neutrophils and mononuclear inflammatory cells visible within the lumens of 
medullary tubular structures. H&E stain. 
 
Right image: Female fishing cat, 13.6 years..  
Inflammatory exudate (neutrophils and mononuclear inflammatory cells) is visible within the lumen of the renal pelvis with 
bacterial rods, erythrocytes, and sloughed epithelial cells. Giemsa stain 
  
100 µm 
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Mild membranous glomerulopathy (MG) was noted in 4/30 cases, as an isolated renal lesion 
in three cases where death was from causes other than CKD, and associated with mild 
medullary fibrosis in an African lion which died of CKD. Mild membranous glomerulopathy 
was associated with thickened BMs and glomerular changes limited to the renal corpuscle, 
without significant glomerulosclerosis or glomerular obsolescence. 
Moderate to severe glomerular disease (thickened BMs, glomerulosclerosis, and 
obsolescence) occurred in eight cases. Glomerulosclerosis (GS) was associated with 
secondary tubulointerstitial changes accompanying the primary glomerular disease. 
Glomerulosclerosis was always associated with other renal lesions, including cortical tubular 
atrophy and multifocal interstitial infiltrates of lymphocytes and plasma cells (Figures 6.6). 
Tubulointerstitial and glomerular disease conditions can also be co-incident and caused by 
the same disease process, without one being primary to the other [91].  
 
Figures 6.6 End-stage kidney. Severe glomerulosclerosis and tubulointerstitial 
nephritis in an African lion (with higher magnification inset) 
Female lion, 17.1 years. Gomori’s trichrome stain.   
1.0 mm 200 µm 
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Renal papillary necrosis (RPN) presented as areas of cystic or necrotic foci adjacent to the 
renal pelvic epithelium in the deep medulla and included areas of coagulative necrosis, 
fibrosis, infiltration with inflammatory cells, and tubular atrophy with loss of tubular epithelium, 
remaining as dilated empty lumens (Figure 6.7). Renal papillary necrosis was observed in 
four felids (Table 6.3).   
 
Figure 6.7 Medullary abscessation and necrosis in a tiger  
Male tiger, 15.2 years. Gomori’s trichrome stain. 
Amyloid deposition was always mild and was noted in 6/30 (20%) cases as isolated patchy 
deposits in the outer medulla, predominantly at the corticomedullary junction and occasionally 
associated with blood vessels. Glomerular deposition of amyloid was not observed in this 
study. Diffuse interstitial fibrosis and mild mineralisation always accompanied amyloidosis. 
Figures 6.8 a) to f) provide illustrative examples of the relative scale and intensity of amyloid 
deposits scattered within the medulla of affected felids, and the appearance of green 
birefringence under polarised light. Images of three sections of the same medullary tissue 
are presented. Sections stained with Congo red were examined under bright-field light 
microscopy [a) and d)] and polarised light [b) and e)]. Routine H&E stain is presented for 
comparative purposes [c) and f)].
1.0 mm 
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Figures 6.8 a) to f) Amyloidosis in a female lion, 17.1 years  
a) and d) Congo red stain: moderate focal interstitial amyloid deposition appears as brighter salmon pink against a pale background of tissue. 
b) and e) Congo red stained section under polarised light, with bright apple-green fibrillar pattern of the amyloid deposition.  
c)  H&E stain: Amyloid appears as amorphous pale eosinophilic interstitial deposition (indicated by arrowheads), without associated fibroblasts. 
f)  H&E stain: Amyloid appears as amorphous pale eosinophilic interstitial deposits (indicated by arrowheads). 
N.B. the area of inflammation (lower right corner indicated by x) appears with background staining in Congo red, does not have green birefringence under polarised light, and 
is associated with fibroblasts.  
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Mineralisation of kidney tissues was very common and presented on Von Kossa stained 
sections as black specks of mineral deposit on the medullary tubular structures, the ascending 
and descending arms of the Loops of Henle, and the blood vessel walls (Figure 6.9). It was 
seen as mild diffuse granular mineralisation of the epithelial basements in 15/30 kidney tissue 
samples. Occasionally, luminal mineral casts were observed. Mineralisation was rarely 
observed in the cortex. Mineralisation was an incidental necropsy finding present in three felids 
which died without clinical signs of kidney disease.  
Figure 6.9 Mineralisation in a male tiger, 21.4 years. Von Kossa stain 
Amyloid deposition was invariably seen concurrently with mineralisation, while the reverse 
was not apparent, i.e. mineralisation was observed as an isolated finding. 
Lymphoma with kidney involvement was seen in one clouded leopard, and urothelial 
(transitional cell) carcinoma in one Asian golden cat. Miscellaneous kidney lesions in felids 
which died of causes other than CKD included renal cysts and glomerular crescents.  
50 µm 
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Table 6.3 Categorisation and grading of histological findings of kidney lesions in thirty felids from Taronga Conservation Society 
CN Species Sex Primary lesion 
Severity 
of 
disease 
Secondary lesion 
Severity 
of 
disease 
BM GS 
L/P 
infiltrate 
IF 
(location) 
RPN 
Amyloid 
(location) 
MIN 
Cause of death or 
euthanasia 
22 
Fishing 
Cat 
♂ Normal normal   normal mild normal normal normal NAD - 
I. holocyclus 
 tick paralysis 
23 Cheetah ♂ Normal normal   mild normal normal normal normal NAD - Meningitis 
24 
Asiatic 
Lion 
♂ Normal normal   mild mild normal normal normal NAD - 
Senescence and 
blindness 
27 
Cheetah 
(Chase) 
♂ Normal normal   normal mild mild mild - NAD mild 
Pancreatitis, 
hepatopathy 
30 
Asian 
Golden 
Cat 
♂ Normal normal   normal mild normal normal not present NAD nil Hydrothorax 
26 
Bengal 
Tiger 
♂ 
Membranous 
glomerulopathy 
mild - - moderate mild - 
mild 
(medulla) 
- NAD - 
Mesenteric  
root torsion 
19 
Asiatic 
Lion 
♀ 
Membranous 
glomerulopathy 
mild - - mild mild normal normal - NAD mild 
Killed by  
con-specific 
20 Cheetah ♀ 
Membranous 
glomerulopathy 
moderate Pyelitis mild moderate moderate normal 
severe 
(medulla) 
- NAD mild 
Non-union of  
fractured femur 
1 
African 
Lion 
♂ 
Membranous 
glomerulopathy 
moderate Medullary fibrosis mild moderate moderate mild mild - 
mild 
(CMJ) 
mild CKD 
14 Cheetah ♂ Glomerulosclerosis moderate - - normal moderate normal moderate - NAD - CKD 
17 
Fishing 
Cat 
♀ Glomerulosclerosis moderate 
Tubulointerstitial 
nephritis 
mild moderate moderate mild mild normal NAD normal CKD 
15 Cheetah ♀ Glomerulosclerosis moderate 
Tubulointerstitial 
nephritis 
moderate moderate moderate severe moderate not present 
mild  
(medulla) 
mild CKD 
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Table 6.3 continued 
CN Species Sex Primary lesion 
Severity 
of 
disease 
Secondary lesion 
Severity 
of 
disease 
BM GS 
L/P 
infiltrate 
IF 
(location) 
RPN 
Amyloid 
(location) 
MIN 
Cause of death or 
euthanasia 
12 Cheetah ♀ Glomerulosclerosis severe 
Tubulointerstitial 
nephritis 
severe severe severe severe severe not present NAD mild CKD 
25 Lion ♀ Glomerulosclerosis severe Amyloidosis mild moderate severe severe severe - 
mild 
(CMJ) 
severe Pyometra 
3 
Asiatic 
Lion 
♂ Pyelonephritis severe 
Tubulointerstitial 
nephritis 
moderate moderate mild severe 
severe 
medulla 
- NAD - CKD 
16 
Fishing 
Cat 
♀ Pyelonephritis moderate 
Tubulointerstitial 
nephritis 
moderate moderate mild mild 
mild 
(medulla) 
- NAD mild CKD 
4 
Bengal 
Tiger 
♂ Pyelonephritis severe 
Tubulointerstitial 
nephritis 
severe mild moderate severe severe 
Suppurative 
inflammation 
NAD mild CKD 
6 
Sumatran 
Tiger 
♂ Pyelonephritis severe 
Tubulointerstitial 
nephritis 
severe 
moderate-
severe 
severe severe severe 
Ulceration 
inflammation 
mild  
(CMJ) 
moderate CKD 
2 
Asiatic 
Lion 
♀ Pyelonephritis severe Pyelonephritis  severe severe severe severe - NAD mild CKD 
13 Cheetah ♂ Pyelonephritis severe 
Tubulointerstitial 
nephritis 
severe mild mild severe severe - NAD moderate CKD 
11 Cheetah ♀ Pyelonephritis severe 
Tubulointerstitial 
nephritis 
severe moderate severe severe severe - NAD mild CKD 
29 
Asian 
Golden 
Cat 
♂ 
Tubulointerstitial 
nephritis 
mild - - normal mild mild 
severe 
(medulla) 
Necrosis 
haemorrhage 
NAD - 
Urothelial 
carcinoma 
21 Cheetah ♂ 
Tubulointerstitial 
nephritis 
mild - - normal normal mild mild - NAD - 
Suspected snake 
bite, aspiration 
pneumonia 
8 Tiger ♂ 
Tubulointerstitial 
nephritis 
severe Amyloidosis mild mild moderate moderate 
severe 
(medulla) 
Necrotic foci mild severe CKD 
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Table 6.3 continued 
CN Species Sex Primary lesion 
Severity 
of 
disease 
Secondary lesion 
Severity 
of 
disease 
BM GS 
L/P 
infiltrate 
IF 
(location) 
RPN 
Amyloid 
(location) 
MIN 
Cause of death or 
euthanasia 
10 Cheetah ♂ 
Tubulointerstitial 
nephritis 
moderate Mineralisation moderate mild mild moderate 
moderate 
(medulla) 
- NAD moderate CKD 
7 
Sumatran 
Tiger 
♂ 
Tubulointerstitial 
nephritis 
moderate Glomerulosclerosis mild mild mild moderate moderate - NAD mild CKD 
9 Tiger ♂ 
Tubulointerstitial 
nephritis 
severe Glomerulosclerosis moderate mild moderate severe severe 
Necrosis  
L/P infiltration 
Mild 
(medulla) 
moderate CKD 
5 
Sumatran 
Tiger 
♀ 
Tubulointerstitial 
nephritis 
severe Glomerulosclerosis moderate mild moderate severe severe not present NAD moderate CKD 
18 
African 
Lion 
♂ 
Acute tubular 
necrosis 
moderate - - - - - - - NAD - 
Suspected snake 
bite 
28 
Clouded 
Leopard 
♂ Neoplasia severe - - moderate mild - - - NAD mild Renal lymphoma 
CN = case number (refer to Table 6.2), ♀ = female, ♂ = male, BM = basement membrane thickening, GS = glomerulosclerosis, L/P = lymphocytic/plasmacytic, IF = interstitial fibrosis, RPN = renal papillary necrosis, 
NAD = no amyloid detected, MIN = mineralisation, CMJ = corticomedullary junction 
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6.3.2. Associations between the severity of histopathologic kidney lesions and 
clinical disease in life 
The severity of disease observed histologically was correlated with the cause of death (CKD 
or OTHER) derived from clinical records. Observed renal lesions (TIN, pyelonephritis, MG, 
GS) were moderate to severe in all felids which died of CKD, compared with normal to mild 
renal lesions in felids which died of other causes. Table 6.4 presents the association between 
type and severity of renal lesions and the primary cause of death. Many conditions were 
overlapping, and commonly, multiple renal lesions were seen concurrently.  
All the felids which died with severe TIN were azotaemic at the time of death, and they had 
USG values ranging from 1.015 to 1.034 up to the time of death. Conversely, no felid which 
died of other causes, or had only mild MG, had inadequately concentrated urine, with all USG 
measurements over 1.040. Felids with mild mineralisation had serum phosphate 
concentrations prior to death in the range 1.46–3.08 mmol/L prior to death, indicating that 
hyperphosphataemia was unlikely to be the cause of the almost ubiquitous mild mineralisation 
seen in many tissue sections. Non-steroidal anti-inflammatory drug administration was rare in 
the 30 felids examined and it was not associated with RPN in this study. Values for UP:C as 
a quantitative measure of proteinuria were available for only four felids. It was within the non-
proteinuric range below 0.2 for three cheetahs, two which died of other causes and one which 
died with CKD with glomerulosclerosis as the primary renal lesion. In one fishing cat, ante-
mortem measurements of UP:C became borderline proteinuric at two years prior to death and 
developed to UP:C >0.4 approximately one year prior to death, with glomerulosclerosis as the 
primary renal lesion seen at necropsy. The viral status of 28/30 felids were negative for FIV 
and FeLV, with one lion which died of suspected snake bite positive for FeLV prior to death, 
without evidence of MG at necropsy. One FIV-positive Asiatic lion died with pyelonephritis as 
the cause of CKD. 
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There was significant strongly positive correlation (ρ=0.8095, CI 0.6274–0.9076; P<0.0001) 
between the cause of death and the severity of observed renal lesions. There was significant 
moderately positive correlation (ρ=0.6480, CI 0.3594–0.8235; P=0.0001) between the age at 
death and the severity of observed renal lesions. There was a significant moderate correlation 
between low USG (<1.035) and the severity of renal lesions (ρ=0.5422, CI 0.1844–0.7731; 
P=0.0042) and significant moderate correlation between the occurrence of a UTI or pyometra 
and the presence of pyelonephritis as the primary renal lesion (ρ=0.533, CI 0.2031–0.7542, 
P=0.0024). There was no significant correlation observed between the severity of lesions and 
NSAID administration (ρ= -0.1571, P=0.4963), UP:C (ρ=0.3953, P>0.9999), or viral status for 
FIV and/or FeLV (ρ=0.1377, P=0.4679).  
Potential aetiological agents were identified in 71% (12/17) of cases of CKD. The most 
common risk factors that were identified from the clinical histories of felids that died with CKD 
were: prior urinary tract infections (n=4; CN: #3; #11, #17, #25); pyometra (n=4: CN: #2, #5, 
#15, #16); slow recovery from GA, associated with RPN at necropsy examination (n=2; CN: 
#8, #9); or a previous history of AKI from which the felid had recovered (n=2, CN: #4, #6). In 
one of these cases (CN #4), prolonged administration of NSAIDs for lameness was associated 
with RPN observed at necropsy examination. Only five felids, of which 3/5 were cheetahs, had 
no aetiological agent for CKD discernible from their clinical records.  Additionally, in two felids, 
neoplasia of the urinary tract was the primary cause of death, and was associated with clinical 
signs of CKD.   
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Table 6.4 Association between ante-mortem disease factors and post-mortem kidney lesions on histological examination 
CN Species Sex Age 
at 
death 
Month, 
Year of 
death 
Primary (1)  
and  
Secondary (2)  
renal lesions 
Significant medical conditions NSAID USG UP:C 
(dates 
of test) 
UTI PO4 FIV/ 
FeLV 
status 
Cause of death or 
euthanasia 
22 Fishing 
Cat 
♂ 7.5 Feb 
2002 
Normal bite wounds 
paralysis tick infestations x 3 
no Not 
lowered 
- - 1.80 -/- Ixodes holocyclus  
tick paralysis 
23 Cheetah ♂ 3.3 March 
2013 
Normal tooth root abscess yes Not 
lowered 
0.1 at 
Feb 
2013 
- 2.17 -/- Meningitis 
24 Asiatic 
Lion 
♂ 15.9 June 
1999 
Normal vasectomy 
dentals 
hypermetria (prednisolone 
responsive) 
leg and tail wounds 
thiamine deficiency x 3 
blindness 
no Not 
lowered 
>1.050 
- - 4.10 -/- Senescence and 
blindness 
27 Cheetah ♂ 11.7 March 
2000 
Normal chronic pancreatitis and hepatopathy - Not 
lowered 
1.060 
- - 2.11 -/- Pancreatitis and 
hepatopathy 
30 Asian 
Golden 
Cat 
♂ 12.1 Nov 
2002 
Normal fractured femur 
toxoplasmosis as cub  
haematuria and weight loss July 2001 
cholangiohepatitis November 2002 
no Not 
lowered 
1.040--
1.050 
- - 2.26 -/- Hydrothorax 
26 Bengal 
Tiger 
♂ 8.6 Dec 
2002 
Membranous 
glomerulopathy 
fight wounds 
patella surgery 
- No data - - - -/- Mesenteric root torsion 
19 Asiatic 
Lion 
♀ 10.3 Sep 
1993 
Membranous 
glomerulopathy 
routine clinical procedures: 
vaccination and contraceptive 
implants 
no No data - - 1.9 -/- Killed by con-specific 
20 Cheetah ♀ 8.9 Aug 
2008 
1: Membranous 
glomerulopathy 
2:  Pyelitis 
tick infestation  
gastric biopsy  
dystocia/caesarean 
fractured femur 
yes Aug 
2008 
Not 
lowered 
1.040 
no no 3.39# -/- Non-union of fractured 
femur  
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Table 6.4 continued 
CN Species Sex Age 
at 
death 
Month, 
Year of 
death 
Primary (1)  
and  
Secondary (2)  
renal lesions 
Significant medical conditions NSAID USG UP:C 
(dates 
of test) 
UTI PO4 FIV/ 
FeLV 
status 
Cause of death or 
euthanasia 
1 African 
Lion 
♂ 16.5 May 
1990 
1: Membranous 
glomerulopathy 
2: Medullary fibrosis 
clinical signs of CKD prior to death  
NSF in clinical records prior to death 
- Low at  
May 1990 
1.015 
- - 1.40 -/- CKD 
14 Cheetah ♂ 4.1 Aug 
2012 
Glomerulosclerosis hand-raised  
Helicobacter infection 
mast cell tumour 
toxoplasmosis 
kidney biopsies September 2011 
no Low from 
Sep 2011 
0.1–0.2 
from 
Sep–
Dec 
2011 
- 3.14 -/- CKD 
17 Fishing 
Cat 
♀ 13.6 Aug 
2015 
1: Glomerulosclerosis 
2: Tubulointerstitial 
nephritis 
tick paralysis 
gastrointestinal FB surgery 2004 
UTI: Enterococcus sp. and E. coli 
no Low from 
May 2012 
>0.2 
from 
Feb 
2013, 
>0.4 
from 
May-
Nov 
2014 
yes 
Dec 
2012 
and 
Jan-Mar 
2015 
2.57 -/- CKD 
15 Cheetah ♀ 13.7 April 
2014 
1: Glomerulosclerosis 
2: Tubulointerstitial 
nephritis 
pyometra and spay August 2010 
 
no Low from 
Feb 2012 
- yes 2.45 -/- CKD 
12 Cheetah ♀ 17.3 Sep 
2008 
1: Glomerulosclerosis 
2: Tubulointerstitial 
nephritis 
PMSG 
thiamine deficiency  
pre-renal azotaemia 2002 
- Not 
lowered 
>1.040 
- - 1.64 -/- CKD 
25 Lion ♀ 17.1 Aug 
1989 
1: Glomerulosclerosis 
2: Amyloidosis 
4 litters  
progesterone 1981 
ataxic 
UTI: Proteus sp. and E coli  
pneumothorax 1989  
no Not 
lowered 
1.047–
1.050 
- yes  
Aug 
1989 
1.46 -/- Pyometra 
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Table 6.4 continued 
CN Species Sex Age 
at 
death 
Month, 
Year of 
death 
Primary (1)  
and  
Secondary (2)  
renal lesions 
Significant medical conditions NSAID USG UP:C 
(dates 
of test) 
UTI PO4 FIV/ 
FeLV 
status 
Cause of death or 
euthanasia 
3 Asiatic 
Lion 
♂ 20.9 
 
 
Sep 
2002 
1: Pyelonephritis 
2: Tubulointerstitial 
nephritis 
cut foot pad 
dental 
incontinent 2001 
weight loss and ataxia Aug 2002 
UTI: coagulase negative 
Staphylococcus sp. and Enterococcus 
faecalis 
 No data - - - -/- CKD 
16 Fishing 
Cat 
♀ 14.3 Oct 
2011 
1: Pyelonephritis 
2: Tubulointerstitial 
nephritis 
UTI: E. coli and non-haemolytic 
Streptococcus sp. from 2008-2010 
parturition 
leg amputation 
tick paralysis 
- Low since 
Dec 2008 
- yes  
2008-
2010 
1.72 -/- CKD 
4 Bengal 
Tiger 
♂ 17.4 Nov 
2000 
1: Pyelonephritis 
2: Tubulointerstitial 
nephritis 
AKI September 1999 
UTI (Pseudomonas sp., E coli) May 
2000 
prolonged NSAIDS for lameness 2000 
yes, 
from 
June 
2000 
Low from  
June 
1999 
- yes 1.90 
 
-/- CKD 
6 Sumatran 
Tiger 
♂ 16.6 March 
2002 
1: Pyelonephritis 
2: Tubulointerstitial 
nephritis 
AKI in July 2000 no 
 
Low from 
Sept 1995 
- - 2.68 -/- CKD 
2 Asiatic 
Lion 
♀ 19.1 Aug 
2002 
Pyelonephritis bite wounds , multiple MPA implants  
dentals, pyometra January 2000, 
no Low from  
Jun 2001 
- yes 2.43 
 
+/- CKD 
13 Cheetah ♂ 13.2 Aug 
2000 
1: Pyelonephritis 
2: Tubulointerstitial 
nephritis 
Electroejaculation, fight wounds  
thiamine deficiency  
Salmonella enteritis July 1998  
jaundice May 99 
- Low from  
Jul 2000 
- - 1.79 -/- CKD 
11 Cheetah ♀ 13.7 Nov 
2001 
1: Pyelonephritis 
2: Tubulointerstitial 
nephritis 
bacteriuria in May 2001 Proteus sp. 
 
- Low from 
May 2001 
- yes 
May 
2001 
3.08 -/- CKD 
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Table 6.4 continued 
CN Species Sex Age 
at 
death 
Month, 
Year of 
death 
Primary (1)  
and  
Secondary (2)  
renal lesions 
Significant medical conditions NSAID USG UP:C 
(dates 
of test) 
UTI PO4 FIV/ 
FeLV 
status 
Cause of death or 
euthanasia 
29 Asian 
Golden 
Cat 
♂ 5.8 Nov 
2007 
Tubulointerstitial 
nephritis 
bite wounds 
haematuria Jul 2007 
yes, 
from 
July 
2007 
Low from  
July 2007 
- - 1.71 -/- Urothelial carcinoma 
21 Cheetah ♂ 3.4 Jan 
2012 
Tubulointerstitial 
nephritis 
hand-raised  
fractured pelvis  
Helicobacter sp. infection and gastritis 
mast cell tumour 
no Not 
lowered 
0.08 at  
May 
2010 
- 2.18 -/--/- Suspected snake bite 
Aspiration pneumonia 
8 Tiger ♂ 21.4 May 
1988 
1: Tubulointerstitial 
nephritis 
2: Amyloidosis 
Clinical signs of CKD prior to death 
died 2 months after GA from which 
had prolonged recovery 
no Low from 
May 1988 
- - 1.65 -/- CKD 
10 Cheetah ♂ 10.5 Feb 
1999 
1: Tubulointerstitial 
nephritis 
2: Mineralisation 
oronasal fistula in 1998 
fight wounds  
thiamine deficiency 
chronic perineal abscess 
no Low from  
June 
1998 
- - 3.05 -/- CKD 
7 Sumatran 
Tiger 
♂ 19.2 Jan 
2015 
1: Tubulointerstitial 
nephritis 
2: Glomerulosclerosis 
fight wounds  
haemorrhagic diarrhoea  
cut foot 
no No data - - 1.78 -/- CKD 
9 Tiger ♂ 15.2 Jul 1990 1: Tubulointerstitial 
nephritis 
2: Glomerulosclerosis 
slow recovery from GA 12 months  
prior to death 
ingrown toenails 
broken canine tooth 
no Low from 
May 1989 
- - 1.97 -/- CKD 
5 Sumatran 
Tiger 
♀ 21.5 May 
2012 
1: Tubulointerstitial 
nephritis 
2: Glomerulosclerosis 
several litters  
pyometra and spay 2007 after  
MPA hormone implants  
dental fractures 
no Low from 
Dec 1998 
- yes 2.54 -/- CKD 
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Table 6.4 continued 
CN Species Sex Age 
at 
death 
Month, 
Year of 
death 
Primary (1)  
and  
Secondary (2)  
renal lesions 
Significant medical conditions NSAID USG UP:C 
(dates 
of test) 
UTI PO4 FIV/ 
FeLV 
status 
Cause of death or 
euthanasia 
18 African 
Lion 
♂ 14.6 Jan 
2014 
Acute tubular necrosis routine clinical procedures:  lameness,   
vasectomy, dental 
no Not 
lowered 
- - 1.87 +/- Suspected snake bite 
28 Clouded 
Leopard 
♂ 14.2 Sep 
2004 
Neoplasia chronic suppurative rhinitis – 
Pseudomonas 
root canal therapy  
multiple electroejaculations 
no Low from 
Aug 1999 
- - 2.21 -/- Renal lymphoma 
CN = case number (refer to Table 6.2), ♀ = female, ♂ = male, NSAID = record of NSAIDs administered within 6 months prior to death, USG = Urine specific gravity, categorised as low (<1.035) or high (≥1.035), 
UP:C = urine protein to creatinine ratio, PO4 = serum phosphate concentration in mmol/L, (# elevated serum phosphate concentration due to bone repair) 
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PART B: Retrospective analysis of all available necropsy reports in the Australian 
population of non-domestic felids with CKD as the primary cause of death or a 
significant co-morbidity 
6.3.3. Aetiologies of kidney disease in adult non-domestic felids 
Of the total Australian population of adult non-domestic felids, 119 (12%) of dead felids had 
CKD as the primary cause of death (n=72) or kidney disease as a significant co-morbidity 
(n=47). This set of 119 felids includes the 17 felids with CKD as their primary cause of death, 
and six felids with CKD as an important co-morbidity, from Taronga Conservation Society 
which were histologically reviewed in Part A of this study. Additionally, acute kidney injury was 
also relatively common, with seven felid deaths associated with lethal acute onset of renal 
failure. Of the felids that died of acute kidney failure, an 11 year old female Amur tiger with 
pyometra died from acute kidney failure consequent to the uterine infection. Two deaths were 
due to acute oxalate nephrosis in a 4 year old jaguarundi and a 9 year old cheetah, and one 
death was caused by acute nephrosis and tubular necrosis in a 13 year old male Asian golden 
cat. In two cheetahs and a serval the causes of lethal acute kidney injury were undetermined.  
Not all felids that died with clinicopathological evidence of kidney disease had necropsy 
examination reports available. The clinical records of 119 felids were reviewed for evidence of 
aetiological processes associated with kidney disease, and the histopathological changes 
described in available necropsy reports were tabulated (Table 6.5).  
Chronic kidney disease of undetermined aetiology (72/119) was the most commonly reported 
form of kidney disease. Felids known to have died of CKD which did not have necropsy reports 
available were classified as having CKD of undetermined aetiology.  
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Table 6.5 Known causes of death by species, sex, age, and aetiologies of all identified cases of CKD, in adult felids in Australian zoos 
CN* Species Sex 
Age at death 
(years) 
Cause of death Aetiology 
1 African Lion male 16.5 CKD CKD, pulmonary adenocarcinoma UNSPECIFIED 
 African Lion female 19 CARDIO/RESPIRATORY died of pneumonia, mild glomerulosclerosis and tubular proteinuria UNSPECIFIED 
 African Lion female 16.82 SENESCENCE euthanasia - progressive hind limb paresis, spondylosis UNSPECIFIED 
 Lion female 12.31 CKD renal failure UNSPECIFIED 
 Lion male 20.17 SENESCENCE old age - discospondylosis and CKD UNSPECIFIED 
 Lion female 22.07 SENESCENCE old age UNSPECIFIED 
 Asian Golden Cat male 11.09 CKD tubulointerstitial nephritis UNSPECIFIED 
 Asian Golden Cat male 15.65 SENESCENCE old age, mild proliferative glomerulonephropathy UNSPECIFIED 
 Bobcat female 19.7 CARDIO/RESPIRATORY old age, heart disease - myocardial fibrosis on PM UNSPECIFIED 
 Bobcat male 18.86 CKD renal failure UNSPECIFIED 
 Bobcat male  CKD interstitial nephritis and tubular nephrosis UNSPECIFIED 
 Bobcat male 16.27 SENESCENCE euthanasia - old age, inappetence, weight loss UNSPECIFIED 
 Caracal female 13.89 CKD CKD UNSPECIFIED 
 Caracal male 15.42 CKD CKD UNSPECIFIED 
 Caracal male 14.82 SENESCENCE euthanasia – old age, curatorial decision UNSPECIFIED 
 Caracal female 14.94 SENESCENCE mild glomerulonephritis, age-related changes, history of fitting UNSPECIFIED 
 Caracal female 19.38 SENESCENCE old age, natural death, CKD UNSPECIFIED 
 Cheetah female 4.9 CKD sepsis, multiorgan failure, moderate chronic glomerulonephropathy, jaundice UNSPECIFIED 
 Cheetah male 8.57 CKD CKD and corneal ulcer UNSPECIFIED 
 Cheetah female 9.33 CKD chronic kidney disease UNSPECIFIED 
 Cheetah male 9.89 CKD renal failure UNSPECIFIED 
 Cheetah female 10.09 CKD chronic kidney disease UNSPECIFIED 
10 Cheetah male 10.54 CKD CKD UNSPECIFIED 
 Cheetah male 11.5 CKD CKD UNSPECIFIED 
 Cheetah male 11.73 CKD renal failure UNSPECIFIED 
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Table 6.5 cont. 
CN* Species Sex 
Age at death 
(years) 
Cause of death Aetiology 
 Cheetah male 12.74 CKD CKD UNSPECIFIED 
 Cheetah female 13.45 CKD renal failure UNSPECIFIED 
 Cheetah male 13.45 CKD renal failure UNSPECIFIED 
 Cheetah male 13.47 CKD long history of renal disease UNSPECIFIED 
 Cheetah male 13.93 CKD renal failure UNSPECIFIED 
 Cheetah male 14.23 CKD TIN UNSPECIFIED 
 Cheetah female 9.82 GASTROINTESTINAL pancreatitis, severe acute pancreatic necrosis UNSPECIFIED 
 Cheetah male 14.19 GASTROINTESTINAL hepatitis, fibrosis of kidneys at necropsy UNSPECIFIED 
 Cheetah male 12.9 SENESCENCE age, submandibular fistula UNSPECIFIED 
 Cheetah male 14.2 SENESCENCE old age, end stage kidneys UNSPECIFIED 
 Cheetah male 15.72 SENESCENCE anal gland abscess, old age, CKD UNSPECIFIED 
 Cheetah female 16.61 SENESCENCE old age, renal insufficiency arthritis UNSPECIFIED 
 Clouded Leopard female 18.15 NEOPLASIA perianal adenocarcinoma metastatic UNSPECIFIED 
 Cougar female 18.16 CKD old age, CKD, spondylosis, chondrosarcoma of digits UNSPECIFIED 
 Cougar male 15.3 MISADVENTURE fractured humerus UNSPECIFIED 
 Cougar male 16.63 NEUROLOGICAL chronic progressive neurological disease UNSPECIFIED 
 Fishing Cat female 13.74 CKD CKD, papillary adenocarcinoma with pulmonary metastases UNSPECIFIED 
 Jaguar male 22.58 SENESCENCE euthanasia - old age, unable to stand UNSPECIFIED 
 Leopard female 15.45 NEOPLASIA metastatic uterine adenocarcinoma UNSPECIFIED 
 Northern Lynx female 22.5 CKD CKD UNSPECIFIED 
 Northern Lynx male 14.86 SENESCENCE intervertebral disc disease, blind, deaf UNSPECIFIED 
 Ocelot female 21.96 CARDIO/RESPIRATORY ataxic, pyometra, bloody nasal discharge, respiratory distress UNSPECIFIED 
 Ocelot female 23.02 CKD CKD, metastatic pancreatic adenocarcinoma UNSPECIFIED 
 Serval male 13.21 CKD low USGs UNSPECIFIED 
 Serval male 19.97 SENESCENCE old age, osteoarthritis UNSPECIFIED 
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Table 6.5 cont. 
CN* Species Sex 
Age at death 
(years) 
Cause of death Aetiology 
 Snow Leopard female 14.62 GASTROINTESTINAL suppurative hepatic necrosis, jaundice, chronic pancreatitis UNSPECIFIED 
 Snow Leopard male 17.38 NEOPLASIA FLUTD, SCC of feet, low USG UNSPECIFIED 
 Snow Leopard female 15.37 SENESCENCE low USGs UNSPECIFIED 
 Snow Leopard female 21.3 SENESCENCE old age, haematuria, proteinuria, urinary incontinence UNSPECIFIED 
 Bengal Tiger female 6.74 CKD unsuccessful renal transplant recipient from sibling UNSPECIFIED 
 Bengal Tiger female 17.22 CKD renal disease, hepatic disease, old age UNSPECIFIED 
 Bengal Tiger male unknown  CKD CKD UNSPECIFIED 
 Bengal Tiger male 14.17 NEOPLASIA hemangiosarcoma, right hip arthritis UNSPECIFIED 
 Bengal Tiger female 15.11 NEOPLASIA osteosarcoma UNSPECIFIED 
 Bengal Tiger female 18.61 NEOPLASIA pheochromocytoma UNSPECIFIED 
 Sumatran Tiger male 14.06 CKD low USG UNSPECIFIED 
 Sumatran Tiger male 18.09 CKD renal failure UNSPECIFIED 
7 Sumatran Tiger male 19.24 CKD CKD, old age UNSPECIFIED 
 Sumatran Tiger male 20.22 CKD CKD UNSPECIFIED 
5 Sumatran Tiger female 21.52 CKD renal failure, old age UNSPECIFIED 
 Sumatran Tiger male 15.11 NEOPLASIA sudden death due to splenic rupture/haemorrhage, lymphoma UNSPECIFIED 
9 Tiger male 15.15 CKD TIN UNSPECIFIED 
 Tiger male 15.33 CKD right kidney grossly deformed, samples cryopreserved at Melb Uni UNSPECIFIED 
 Tiger female 18.38 CKD CKD, old age UNSPECIFIED 
 Tiger male 9.14 NEOPLASIA neoplasia UNSPECIFIED 
 Tiger female 20.56 NEUROLOGICAL meningioma, fitting, old age kidney changes UNSPECIFIED 
8 Tiger male 21.35 NEUROLOGICAL acute brain inflammation and necrosis, CKD UNSPECIFIED 
18 African Lion male 14.55 MISADVENTURE haematuria, suspected snake bite ACUTE TUBULAR NECROSIS 
 Bengal Tiger male 12.88 CKD renal papillary necrosis, GN, TIN, kidney donor for sibling RENAL PAPILLARY NECROSIS 
 Bengal Tiger male 17.64 CKD chronic interstitial nephritis, tubular atrophy, renal papillary necrosis RENAL PAPILLARY NECROSIS 
 
 
Chronic Kidney Disease  Thesis  Sydney School of Veterinary Science 
in Australian Zoo Felids Rachel D’Arcy  University of Sydney 
 
204 
Table 6.5 cont. 
CN* Species Sex 
Age at death 
(years) 
Cause of death Aetiology 
4 Bengal Tiger male 17.43 CKD chronic pyelonephritis PYELONEPHRITIS 
6 Sumatran Tiger male 16.56 CKD renal failure PYELONEPHRITIS 
 Sumatran Tiger male 19.07 CKD pyelonephritis PYELONEPHRITIS 
 Sumatran Tiger female 19.51 CKD pyelonephritis, E coli in renal pelvis PYELONEPHRITIS 
2 Asiatic Lion female 19.13 CKD pyelonephritis PYELONEPHRITIS 
3 Asiatic Lion male 20.9 CKD pyelonephritis PYELONEPHRITIS 
 Asiatic Lion female 21.36 CKD pyelonephritis PYELONEPHRITIS 
 Cheetah female 9.65 CKD pyelonephritis, end-stage kidneys, jaundice, hepatic disease PYELONEPHRITIS 
13 Cheetah male 13.22 CKD pyelonephritis PYELONEPHRITIS 
11 Cheetah female 13.67 CKD renal failure PYELONEPHRITIS 
16 Fishing Cat female 14.27 CKD RPN, pyelonephritis, TIN PYELONEPHRITIS 
 Serval female 25.81 CKD pyelonephritis and glomerulosclerosis, hip DJD PYELONEPHRITIS 
 Snow Leopard male 2.12 NEUROLOGICAL FSE, peracute collapse, mild chronic unilateral pyelonephritis and cystitis PYELONEPHRITIS 
 Asian Golden Cat female 17.79 CKD glomerulonephritis GLOMERULONEPHRITIS 
 Bobcat male 19.74 CKD severe generalised glomerulonephritis GLOMERULONEPHRITIS 
 Bobcat female 21.87 CKD glomerulonephritis, cystitis, pyelonephritis, acute hepatic necrosis GLOMERULONEPHRITIS 
14 Cheetah male 4.06 CKD glomerulosclerosis GLOMERULONEPHRITIS 
15 Cheetah female 13.73 CKD renal failure, old age GLOMERULONEPHRITIS 
12 Cheetah female 17.33 SENESCENCE old age, CKD co-morbidity GLOMERULONEPHRITIS 
 Cougar male 14.25 CKD glomerulonephrosis GLOMERULONEPHRITIS 
 Cougar female 17.29 CKD chronic severe glomerulonephritis, renal cyst GLOMERULONEPHRITIS 
17 Fishing Cat female 13.62 CKD glomerulonephritis GLOMERULONEPHRITIS 
 Jaguar male 23.92 CKD membranous glomerulointerstitial nephritis, euthanasia due to poor condition GLOMERULONEPHRITIS 
 Jaguar female 16.08 NEOPLASIA adrenocortical adenocarcinoma, membranoproliferative glomerulonephritis GLOMERULONEPHRITIS 
 Leopard male 17.5 CKD glomerulonephritis, pyelonephritis GLOMERULONEPHRITIS 
25 Lion female 17.1 INFECTION pyometra GLOMERULONEPHRITIS 
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Table 6.5 cont. 
CN* Species Sex 
Age at death 
(years) 
Cause of death Aetiology 
 Serval male 9.38 CKD glomerulonephritis and glomerulosclerosis GLOMERULONEPHRITIS 
 Serval female 18.68 MISADVENTURE glomerulopathy, severe leg trauma from cage neighbour GLOMERULONEPHRITIS 
 Sumatran Tiger male 19.68 CKD severe chronic glomerulonephritis, pyelonephritis, RPN GLOMERULONEPHRITIS 
 Jaguar male 18.45 CKD euthanasia for protein losing nephropathy PROTEIN-LOSING NEPHROPATHY 
 Caracal male 17.56 CKD TIN right kidney, chronic cystitis, nephrolith, crystalluria, RPN, pyelonephritis NEPHROLITH 
 Jaguar male 21.17 CKD bilateral oxalate nephrosis, unilateral severe TIN, mild GN NEPHROLITH 
 Leopard female 19.99 CKD kidney stones, haematuria, old age NEPHROLITH 
 Ocelot male 14.27 CKD lumbar spondylosis, renal calculi (urate), TIN  NEPHROLITH 
29 Asian Golden Cat male 5.77 NEOPLASIA metastatic urothelial carcinoma NEOPLASIA 
28 Clouded Leopard male 14.16 NEOPLASIA renal lymphosarcoma (FeLV positive in 1994) NEOPLASIA 
 Fishing Cat male 13.26 NEOPLASIA urothelial carcinoma (TCC), LIN NEOPLASIA 
 Fishing Cat female 14.32 NEOPLASIA urothelial carcinoma (TCC) NEOPLASIA 
 Leopard Cat female 16.29 NEOPLASIA malignant lymphosarcoma NEOPLASIA 
 Leopard Cat male 16.34 NEOPLASIA malignant lymphosarcoma and glomerulonephritis NEOPLASIA 
 Bobcat male 13.89 ENDOCRINE diabetic ketoacidosis, renal medullary amyloidosis, pancreatic amyloidosis AMYLOID 
 Cheetah male 9.44 CKD TIN, amyloidosis AMYLOID 
 Cheetah male 9.53 CKD amyloid, interstitial fibrosis, some calcified tubules AMYLOID 
 Cheetah female 14.68 CKD amyloidosis, euthanasia - CKD, non-healing corneal ulcer AMYLOID 
*CN = case number corresponding to the histological review of Taronga felids, FLUTD = feline lower urinary tract disease, SCC = squamous cell carcinoma, FSE = feline spongiform 
encephalopathy, DJD = degenerative joint disease, TCC = transitional cell carcinoma 
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Bacterial pyelonephritis was the most common aetiology for CKD (n=13) and 
glomerulonephritis was the most common identifiable morphological diagnosis of CKD 
amongst all Australian cases at necropsy examination (n=16), then neoplasia of the urinary 
tract (n=6) and nephroliths (n=4). The presence of renal amyloidosis was reported in three 
cheetahs and a bobcat, although no inference on its contribution to eventual cause of death 
can be made. Renal papillary necrosis was reported in two male Bengal tigers and protein-
losing nephropathy was a rare condition associated with CKD, reported in one 21 year old 
male jaguar. One lion that died of suspected snake bite was azotaemic with acute tubular 
necrosis seen at histological examination.  
Pyelonephritis was recorded in almost every species which developed CKD. It presented 
bilaterally in five cases, unilaterally (left kidney) in one case, and undetermined in the 
remaining cases because kidney samples were unspecified upon histological examination. 
The primary bacterial agents cultured from pus accumulated in the renal pelvis were 
Escherichia coli, Enterococcus faecalis, a coagulase negative Staphylococcus sp., Kluyvera 
spp., Pseudomonas aeruginosa, and Bacteroides spp. Histological kidney changes were 
generally extensive and not limited to the renal pelvis region, and included generalised non-
suppurative tubulointerstitial nephritis, medullary fibrosis, mineralisation, and 
glomerulosclerosis.  
Neoplasia of the urinary tract4 was reported as three cases of metastatic lymphoma with 
invasion of renal parenchyma, resulting in kidney failure, and three cases of urothelial 
carcinoma of the bladder. In one male Asian golden cat, the urothelial carcinoma extended to 
                                               
4 In Chapter Two, these six cases are recorded as having NEOPLASIA as the primary cause of death.  
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the kidney, while in two male fishing cats the neoplasms caused bladder outflow obstruction 
and secondary kidney damage.  
Multiple calculi present in the renal pelvis and cystitis at necropsy examination were 
associated with a history of chronic haematuria during life in a 14 year old female ocelot, and 
death was ultimately due to CKD. In an 18 year old female leopard, renal calculi were also 
associated with chronic haematuria during life and pyelonephritis due to E. coli cultured from 
the renal pelvis at necropsy examination. Oxalate nephrosis causing chronic kidney failure in 
a 21 year old female jaguar was associated with severe TIN, with oxalate crystals visible in 
tubular lumens and deposited within the basement membranes. A nephrolith of unspecified 
chemical composition in a male caracal was associated with unilateral TIN of the affected 
kidney, RPN, pyelonephritis, and cystitis associated with crystalluria. 
6.4. Discussion 
Frustratingly, the underlying aetiologies of CKD in the Australian population of zoo felids were 
undetermined, as 60% (72/119) of cases of CKD were of unspecified cause, much like the 
situation with domestic cats [78, 345]. The high rate of unspecified cause of CKD in the overall 
Australian population was due, in part, to a lack of necropsy reports for some felids diagnosed 
with CKD (37/119). It can also, in part, be attributed to the retrospective nature of the data set, 
where significant life events may not be recorded or, as with domestic cats, to the fact that the 
initiating causes for induction and perpetuation of CKD have not yet been fully elucidated. It 
may also be attributable in part to the difficulty of identifying individual aetiological factors given 
that end-stage kidney failure presents a spectrum of histopathological changes evident in all 
structures within the kidney.  
In contrast, however, examination of the ante-mortem clinical records of the thirty Taronga 
felids in the histological review was illuminating, and shed light on possible aetiologies for 
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CKD, with approximately 70% of cases of CKD having a history of AKI, UTI or pyometra 
reported prior to subsequent onset of CKD. A further two cases that died with RPN noted at 
histological examination had prolonged recovery from GA reported in their records in the 
period immediately prior to death due to CKD, and in one Bengal tiger this was also associated 
with prolonged administration of NSAIDs. These potential risk factors for CKD are analysed in 
detail in Chapter Four. 
At histological examination, tubulointerstitial nephritis was the most common lesion observed, 
with 53% (16/30) of felids having such kidney changes, although the initiating cause of TIN 
was usually unknown. This is consistent with similar studies in zoo felids [69, 70] and domestic 
cats [78, 207, 346]. Tubulointerstitial nephritis can be secondary to haematogenous infectious 
agents; ascending infections from lower in the urogenital tract (leading to bacterial 
pyelonephritis); immune-mediated damage to tubular architecture and BMs; glomerular 
disease; or a previous episode of acute kidney failure [207]. Renal cysts can form secondarily 
to obstructive tubular lesions, or to focal hyperplastic tubular lesions [69, 91], although 
observed renal cysts were singular, only microscopically evident, and not large or extensive 
enough to warrant a diagnosis of polycystic kidney disease in this study. 
Medullary fibrosis was ubiquitous and found consistently in every felid with CKD, and 6/13 
felids which died of other causes. The presence of severe medullary fibrosis at post-mortem 
examination was correlated with ante-mortem loss of urine concentrating ability reported in 
the clinical records of felids which died of CKD. Medullary hypertonicity and the concentrating 
abilities of the distal tubules are the main mechanisms by which water homeostasis is 
modulated by the kidney, therefore as medullary structures become fibrosed the medullary 
osmotic concentrating mechanisms are likely to be affected. Loss of urine concentrating ability 
may provide evidence of tubulointerstitial disease, which almost always impairs tubular 
function [91].   
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Glomerulonephropathies were observed in 53% (9/17) of deaths of CKD and 31% (4/13) of 
deaths from other causes in the histological review, and in 13% (16/119) of the Australian 
population of felids with CKD. There were 10 cheetahs in the histological review: two had 
normal kidneys observed on tissue section (20%) and were aged 3.3 and 11.7 years at time 
of death; four cheetahs died of CKD with primarily tubulointerstitial lesions (40%); and four 
cheetahs had predominantly glomerular lesions (40%). A high incidence of glomerular disease 
(40%) was observed in cheetahs in the histological review, consistent with previous reports 
[67], however cheetahs were not over-represented compared to other species in the subset 
of felids with glomerular diseases (Table 6.2). Glomerular disease (50% of cases) was over-
represented compared to other forms of kidney disease seen in all cheetahs that died of CKD 
in this histological review. This differs from the exceedingly high prevalence of 
glomerulosclerosis in cheetahs reported in North America. Some published studies contrasted 
markedly in their reporting of primary glomerular pathologies in cheetahs. Bolton & Munson 
[67] primarily describe glomerular lesions, but they also state that observed glomerular 
changes “…were commonly associated with severe tubular and medullary interstitial 
pathology’”, whereas Newkirk et al. [69] reported that “Primary glomerular lesions were absent 
in all cats, but that commonly sclerotic glomeruli were embedded in areas of generalized 
fibrosis and atrophy. […] Despite several previous reports describing primary glomerular 
disease or renal amyloidosis in exotic felids, these lesions were rare to absent in this 
population.”.  No discussion was provided by the authors of either study as to how they defined 
primary versus secondary renal lesions in their evaluation of specimens. Bolton described 
severe glomerulosclerosis as >8 sclerosed glomeruli per viewing field. In normal kidneys, 
where the diameter of a single glomerulus is approximately 200 µm, it is usual to get 6–8 renal 
corpuscles (RC) in a low-powered field (i.e. 10x objective magnification, approximately 1.8–
2.0 mm diameter FOV, dependent on microscope eyepiece field number). The number of RC 
in a FOV will only increase if there is significant atrophy and total loss of the convoluted tubular 
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architecture which normally fills the spaces between the RC. Therefore, one could assume 
that any classification of >8 sclerosed glomeruli per viewing field must have been associated 
with loss of tubules, but the authors’ descriptions placed no emphasis on tubular loss. A 
considerable proportion of primary glomerulosclerosis noted in cheetahs may thus have been 
accompanied by substantial tubular atrophy and loss. Given the differing methodologies 
between studies and the contrasting findings of the present study and the Newkirk study, this 
author doubts that kidney disease in cheetahs is exclusively glomerular disease, believing 
instead that it may encompass the whole spectrum of histopathological changes associated 
with CKD. As the structures of the nephron are interdependent, injury to one part will 
eventually result in secondary disease of the entire nephron.  
Glomerulosclerosis in captive cheetahs, as described by Bolton, did not demonstrate an 
immunological aetiology, which contrasted with the glomerulosclerosis described histologically 
in the Iberian lynx and the domestic cat [21, 347], although adrenal cortical hyperplasia was 
prevalent and highly correlated with glomerulosclerosis. Glomerulosclerosis and 
nephrosclerosis were identified as the leading cause of death in captive cheetahs in North 
America, Europe, and South Africa [30, 68, 343, 348, 349]. It is estimated that approximately 
80% of cheetahs in Europe die with the condition, as do approximately 67–81% of captive 
cheetahs in southern Africa, but this is in extreme contrast to its low prevalence in wild 
cheetahs (13%) and to the mild degree of glomerular change seen in their histopathologic 
specimens when observed [30]. Terio [31, 273] suggests that extrinsic non-genetic factors 
arising from captivity may be associated with the increased prevalence of glomerulosclerosis 
seen in captive cheetahs. The marked disparity between the disease status in captive and 
wild populations of cheetahs implicates two major factors, management of captive cheetah 
stress and gastritis.  
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Pyelonephritis was also commonly observed in this study, with a prevalence of 23% (7/30) in 
the histological review and 10% (12/119) in the Australian felid population with CKD. Bacterial 
aetiological agents were visually identified in three cases in the histological review. Ascending 
urinary tract infections can cause pyelonephritis [91], and loss of urine concentrating ability 
has also been shown to be a risk factor for pyelonephritis as the osmotic anti-microbial 
properties of highly concentrated urine are lost [350]. Ciancolo (2007) describes how the 
pathogenesis of pyelonephritis begins with establishment of infection in the lower urinary tract 
with organisms that are usually endogenous bacteria of the bowel and skin, such as E. coli, 
staphylococci, streptococci, Enterobacter or Proteus. Females may be predisposed to urinary 
tract infection because of their short urethras and possibly due to hormonal effects, and . 
vesicoureteral reflux i.e. retrograde flow of urine up the ureters and into the kidney. The 
medulla is vulnerable to bacterial infection as it is a relatively hypoxic environment because of 
the low haematocrit in vasa recta, hypertonicity that depresses the phagocytic activity of 
leukocytes, and high ammonia concentrations that may interfere with activation of 
complement. Invasion of the kidney from the pelvis probably progresses by way of the 
collecting ducts, as is suggested by the presence of neutrophils, exudate and bacteria in the 
lumens of the straight tubules and by direct invasion across the ulcerated pelvic epithelium  
[91]. 
The high incidence of pyelonephritis in Australian zoo felids, compared to domestic cats, is 
surprising and has important implications for management. Bacterial infections are treatable 
with antibiotics, and better contraceptive practices such as using only GnRH agonist hormone 
implants may reduce the incidence of pyometra [351, 352]. In some cases of pyelonephritis, 
the bacterial aetiological agents were identified, and there was an association with previous 
UTI or pyometra and the development of CKD.  A possible future recommendation is that 
urinary tract infections or pyometra need to be conscientiously monitored and followed, with 
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antimicrobial therapy of appropriate spectrum and duration administered based on culture and 
susceptibility (C&S) testing, because longer term negative consequences may ensue if the 
infection is not permanently eradicated. 
Pyelonephritis associated with renal papillary necrosis (RPN) has been reported in 
populations of captive cheetah globally [30, 66, 334]. In this study, necrosis and ulceration of 
the renal pelvic epithelium and renal crest, and fibrosis and infiltration of the sub-epithelial 
layers with polymorphic and mononuclear leucocytes, was consistent with inflammation and 
exudation induced by bacterial infection in felids identified as having pyelonephritis. This 
presentation differs from RPN as described in human medicine, i.e. a condition associated 
with hypoxia and administration of nephrotoxic agents such as NSAIDs [353, 354]. In typical 
cases of chronic/resolved pyelonephritis, there is a band of fibrous tissue extending from the 
renal pelvis to the renal capsule [69, 91, 207]. Pyelonephritis was defined as an active pyelitis, 
primarily with neutrophilic infiltration of the renal pelvis and associated with concurrent 
medullary interstitial lymphoplasmacytic and neutrophilic inflammation and/or tubular necrosis, 
with variable extension into the cortex. The pathogenesis of RPN associated with NSAID 
administration is attributed to both direct toxicity to the highly metabolically active cells of the 
medullary interstitium which exist in an environment with perpetually low oxygen tension [145, 
147, 355], and to decreased production of prostaglandin E2, causing decreased perfusion of 
the renal papilla [356-359].  
Renal papillary necrosis was reported in only a small number of felids (n=4) and there were 
very few courses of NSAIDS administered to the 30 felids in this study. There was one case 
in which NSAIDs and RPN were associated in this study, providing insufficient evidence to 
draw any conclusions about the link between NSAIDs and RPN from this data set. Renal 
papillary necrosis has been reported in association with dehydration in lions [330] and with 
NSAID treatment in tigers [331], and acute tubular necrosis in domestic cats has been reported 
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as associated with other nephrotoxins, such as aminoglycoside antibiotics, ethylene glycol, 
the antifungal agent amphotericin B, and plants such as Lilium spp. [354, 360-364]. 
Mineralisation of medullary tubular structures, seen as focal granular deposits within the 
epithelium of the Loops of Henle, medullary interstitium, or blood vessel walls, was very 
common, seen in 82% (14/17) of cases with CKD. Mild mineralisation was seen in 31% (4/13) 
of cases where death was from causes unrelated to kidney disease. It has been reported that 
mineralisation can occur rapidly in domestic cats [91]. Sporadic focal mild mineralisation 
appeared to be an inconsequential finding, with no evidence of associated kidney disease in 
the clinical records. It was not associated with hyperphosphataemia, and its contribution to 
kidney dysfunction was not clinically apparent. Conversely, severe generalised mineralisation 
was consistently associated with other severe histopathological kidney lesions such as TIN, 
medullar fibrosis and glomerulosclerosis. Metastatic mineralisation of kidney, heart, lung, or 
brain tissue has been reported in tigers and a leopard, associated with parathyroid hyperplasia 
and kidney disease [49, 70]. 
In this study, renal amyloid deposition appeared as mild focal deposits which were unlikely to 
have been the primary pathological process contributing to renal failure. Systemic AA 
amyloidosis has been detected with high prevalence in captive cheetah populations globally 
[28, 66]. Systemic AA amyloidosis is a disease condition occurring secondarily to 
inflammation, infection, or neoplasia. It is the most common type of amyloidosis in mammals 
and can result in renal failure due to physical disruption of normal cellular and organ function. 
Chronic inflammatory disease conditions which can contribute to production of AA amyloid 
include gastritis, pneumonia, pancreatitis, hepatitis, peri-prostatic abscessation, pleuritis, 
myocarditis, cystitis, oronasal fistulas, and endometritis [74, 91]. Amyloidosis was reported as 
associated with chronic lymphoplasmacytic gastritis in cheetahs and as idiopathic in Siberian 
(Amur) tigers [28, 66, 199, 328]. In cheetahs, Siberian (Amur) tigers, and black-footed cats, 
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the renal distribution of AA amyloid was similar to that observed in domestic felid species like 
Abyssinian cats [58, 365, 366], i.e. predominantly tubular in location, but distribution was 
different to that observed in humans and most dogs, which is mainly glomerular. In this 
histological review, the distribution of mild focal areas of amyloid deposition in the peritubular 
medullary interstitium close to the corticomedullary junction, often near blood vessels, and 
with minimal glomerular or papillary involvement, was consistent with previous findings [28, 
66, 199].  
No association between viral status for FeLV or FIV and membranous glomerulopathy was 
apparent. Feline leukaemia virus (FeLV), feline immunodeficiency virus (FIV), and feline 
coronavirus (FCoV) have been postulated as potential causes of membranous 
glomerulonephritis in Iberian lynx [29, 367], although an association between FeLV and kidney 
disease has not been definitively established in domestic cats [368, 369]. Zoo felids were very 
rarely vaccinated for FeLV or FIV in Australia, being consistently vaccinated for feline 
panleucopenia (feline parvovirus), feline rhinotracheitis virus (feline herpesvirus type 1) and 
feline calicivirus. Commercial vaccines for FeLV and FIV have been registered for use in 
Australia since 2000 and 2004 respectively. Few felids in this study were FeLV or FIV positive. 
One male African lion which died of suspected snake bite in 2014 was FIV-positive, as was 
one female Asiatic lion which died of pyelonephritis in 2001. The severity and morbidity of 
disease caused by lentiviruses in lions varies [370-373]. One male clouded leopard which died 
of malignant renal lymphoma in 2004 was positive for FeLV.  
This evidence begs the question – how can CKD be diagnosed earlier if aetiologies are still 
undetermined during life? It was evident that many kidney changes were associated with 
ageing, and it was also apparent that fibrosis of the kidney is the end-point of a diverse array 
of disease processes. Biopsy is one procedure which can be performed for assessment of 
kidney function. Only one felid in this study, a cheetah, underwent kidney biopsy 11 months 
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prior to its death from kidney failure. This cheetah died at a very young age (4.1 years) and 
was the youngest felid in Australia to die of CKD. Its ultrasound-guided kidney biopsy showed 
evidence of mild membranous glomerulopathy, a non-specific condition observed in many 
animals without CKD, and in many of those which do not go on to die of CKD. The mild 
histological changes apparent at biopsy gave little prognosis for disease progression. The 
benefit of performing kidney biopsy must be weighed against the risks of injury from the 
procedure itself. Biopsies have been associated with adverse effects, including renal 
haemorrhage and scarring [314, 374, 375]. Despite the negative outcome for this individual 
cheetah, renal biopsy is a frequently applied technique to provide diagnostic and prognostic 
information in humans, and may be a productive avenue for future prospective research in 
non-domestic felids such as cheetahs. The benefits of renal biopsy are mainly apparent for 
differentiation of glomerular diseases, which is a less prevalent form of disease compared to 
tubulointerstitial disease in felids. Prospective studies using techniques such as transmission 
electron microscopy and immunostaining techniques required not only specialised tissue 
sampling and preservation methods, but evaluation of the biopsies should be done by 
personnel with expertise in nephropathology [376], so they are not a technique currently 
undertaken routinely.  
There are limited studies in either domestic cats [346, 377] or non-domestic felids [69] which 
compare ante-mortem events with histopathological changes observed at post-mortem 
examination. There was a strong association between the severity of the kidney lesions 
observed and USG measurements taken during life. Measurements of USG appear to reflect 
tubular dysfunction both microscopically and functionally, and have the advantage of being 
non-invasive. Also, frequent sequential sample collection is possible, as animals urinate every 
day. No association between glomerular disease and proteinuria (as assessed by UP:C 
measurements) was apparent, partly because there was insufficient UP:C data (n=4) to draw 
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any valid conclusions for the histological review, and partly because 75% of results were 
conspicuously in the non-proteinuric range (Table 6.4). UP:C measurement is a recent 
diagnostic tool, and several of the archived kidney tissue specimens were from felids which 
died 40 years previously, when UP:C measurement was not routinely performed. A possible 
future direction for study would be to sequentially monitor UP:C changes during life, and 
correlate this with histopathological changes in kidneys at necropsy. At this stage, no 
conclusions can be drawn about whether UP:C mirrors glomerular pathological changes. 
6.5. Conclusions 
The histological review of 30 formalin-fixed, paraffin-embedded kidney tissue specimens 
demonstrated that TIN is the most common pathological change seen in kidney tissues in 
felids with CKD, including cheetahs. Pyelonephritis was also a common finding in zoo felids. 
Nephrolithiasis in non-domestic felids was associated with clinical signs of haematuria and 
with death from CKD and thus, although nephroliths may be considered as incidental findings 
in domestic cats, they are associated with significant pathological changes within the renal 
papilla in non-domestic felids.  
The associations between UTI and pyometra in life, and pyelonephritis as a cause of CKD 
leading to death, are striking and are not paralleled in domestic cats, probably because some 
of the large felids can be stimulated to ovulate without intromission. The hormonal influences 
associated with ovulation and retention of corpora lutea result in histological changes in the 
uterus that predispose it to bacterial growth [351, 378].  
The link between infections of the genitourinary tract, such as UTI and pyometra, and 
subsequent CKD deserves further investigation.  
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Chapter 7 A prospective study using voided urine to monitor kidney function in 
felids at Taronga Zoo, Sydney 
7.1. Introduction 
This project has confirmed that CKD is a major disease affecting non-domestic felids in 
Australian zoos. Prevalence data demonstrated that CKD was the primary cause of death in 
31% of mature felids, highlighting the need for methods of earlier detection and intervention. 
Chapter Three demonstrated that the clinical biochemistry variables of serum creatinine and 
urea concentrations, which are considered the gold standards for assessment and staging of 
CKD in domestic cats, are very late markers for the onset of CKD in zoo felids. The 
retrospective review of clinical records, using whole-of-life data from felids that died from both 
CKD and OTHER causes, demonstrated that USG was an earlier sensitive clinical diagnostic 
test for the onset of CKD in felids.  
The next logical step was to investigate additional diagnostic tools to prospectively monitor for 
the onset of CKD in living felids. Within zoos, it is difficult to regularly monitor for declining 
kidney function using standard blood tests. A practical constraint affecting the management of 
large predatory carnivores in zoos is that collection of a single blood or sterile urine sample 
requires sedation by darting and then full general anaesthesia, a procedure not undertaken 
lightly as it takes several hours and requires many staff members and is not without risk. 
Diagnostic samples which can be collected opportunistically from a conscious animal in a non-
invasive manner are the most appropriate in the zoo setting, as repeated or conscious physical 
examination of non-domestic felids for chronic health problems is not practicable.  
Voided urine is well suited as a diagnostic sample, as it is a direct product of the kidneys and 
can be collected daily without human-felid contact. Many non-domestic felids, like the 
domestic cat, are consistent in their urination habits and will reliably urinate in the same place 
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every day. Urine is produced constantly and contains substances which reflect any ongoing 
disease processes active in the kidneys, so it is ideally suited for monitoring kidney disease in 
the zoo setting. Urine has been under-utilised as a monitoring tool for CKD in Australian zoos. 
Chapter Three has shown that while blood samples were routinely collected at every 
anaesthetic opportunity, only two-thirds of blood collection time-points were associated with a 
concomitant urine collection.  
The primary aim of this prospective study was to evaluate the use of voided urine as a 
prognostic tool for CKD in all living felids at Taronga Zoo, Sydney between 2012 and 2015.  It 
was hypothesised that measurement of the clinical parameters of voided urine (specific 
gravity; dipstick biochemical analysis for glucose, ketones, bilirubin, pH, and protein; sediment 
analysis; urine protein:creatinine ratio; sulfosalicylic (SSA) protein turbidity test; and semi-
quantitative microalbuminuria assay) from regular sequential opportunistic sample collections 
would, over time, generate longitudinal data trends for each individual animal. This may enable 
earlier detection of the onset of CKD, if present, facilitating earlier treatment and hopefully 
leading to more successful outcomes and prolonged lives for the felids involved.  
The second aim of this study was to validate the use of a commercial feline-specific 
microalbuminuria immunoassay (Heska E.R.D. HealthScreen® Feline Urine Tests, Heska 
Corporation, Loveland, Colorado, USA) for the detection of albumin in the urine of zoo felids. 
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7.2. Materials and Methods   
7.2.1. Sample population 
All felids living at Taronga Zoo, Sydney from May 2012 to November 2015 (42 months) were 
included in the study. These felids had sequential clinical records including history, clinical 
examinations, clinicopathologic data, procedures (including general anaesthesia (GA) or 
sedation), treatments, and outcomes stored in a custom-designed Microsoft Access® 
database. The health status of all felids was determined at annual to biannual health checks 
performed under GA and consisting of a complete physical examination, dental health 
assessment, radiographs, haematology, serum biochemistry, and urinalysis of samples 
collected under sterile conditions. The study was approved by the Taronga Conservation 
Society and the Animal Ethics Committee of the University of Sydney.  
7.2.2. Urine sampling, collection, transportation and processing 
With the permission and participation of Taronga carnivore keepers and staff veterinarians, 
regular voided urine samples were collected from the entire population of non-domestic felids 
maintained at Taronga Zoo, Sydney. Felids were on a regular urine collection schedule for the 
3½ year duration of the study, with attempts made to collect urine from each animal on a 
quarterly basis, as minimum. Urine was collected by keepers from the concrete floor of the 
felid dens during morning husbandry routines after felids were moved from their night dens 
and before den cleaning began. Only voided urine which could be unequivocally attributed to 
an individual animal was collected. Care was taken to avoid visible contaminants such as 
debris, food, and faeces. The felids were secured individually in holding areas each morning 
between 7.30 and 9.30 a.m. while routine exhibit husbandry was performed. If a felid 
scheduled for urine sampling had not urinated overnight, keepers monitored the felids during 
this time so that urine could be collected shortly after it was deposited. If a felid was scheduled 
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for urine collection but had not urinated by 10 a.m., it was kept in the holding area until it 
urinated, before being released into the exhibit.  
Between 2 and 10 mL of urine was collected each time, by sterile syringe from voided urine 
pooled on dry concrete den floors into 70 mL capacity sterile transparent polypropylene 
containers with a yellow screw-cap.(Sarstedt AG & Co, Numbrecht, Germany) . Around 80% 
of samples were collected by 10 a.m. each day, therefore voided urine sample age varied 
between 20 minutes and 8 hours since micturition. Urine was transferred to a sterile plastic 
sample container, sealed tightly, and refrigerated at 4°C. Refrigerated urine was transferred 
within 24 hours of collection to the Veterinary Quarantine Centre at Taronga Zoo and then 
transported to the University of Sydney in a polystyrene cooler box by courier.   
Urine was also opportunistically collected by sterile technique (cystocentesis or 
catheterisation) at any examination under anaesthesia (EUA) conducted during the study 
period.  
7.2.3. Urinalysis methods 
On receipt at the University of Sydney, voided urine samples were allowed to warm to room 
temperature, then were analysed by the following procedures: 
i. Urine specific gravity (USG) measurement by handheld refractometer (Tri-Scale 
Clinical Refractometer with ATC, ADE Advanced Optics, Oregon, USA) Two drops of well-
mixed voided urine were deposited onto the prism of the refractometer and immediately read 
and recorded. USG measurement was conducted on every urine sample. A linear conversion 
scale, empirically derived by the University of Sydney Pathology Laboratory, was used to 
extend the SG scale of the refractometer used in this study if the reading was not able to be 
quantified i.e. it was above the upper limit of the USG scale (>1.045) of the refractometer. The 
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conversion scale is predicated on linear correlation between the refractive index (nR) of urine 
and its dissolved solute load [159].  
ii. Rapid semi-quantitative dipstick biochemistry (Siemens Multistix 10SG Diagnostic 
Reagent Strips for Urinalysis, Siemens Healthcare Diagnostics Inc., Tarrytown NY, USA) was 
conducted on every urine sample, when sufficient urine volume was available. One drop of 
urine was pipetted onto each chemical analyte pad for glucose, bilirubin, ketones, blood, pH 
and protein, and was read at the time specified by manufacturer’s instructions. Each strip had 
10 colourimetric tests, however the analytes for specific gravity, urobilinogen, nitrites, and 
leukocytes were not used in this study.  
iii. Sulfosalicylic acid (SSA) turbidity test for protein was conducted on a subset of 
samples from 1st February 2014 onwards. A 1 mL aliquot of urine was centrifuged at 2000 rpm 
for 5 minutes. The supernatant was decanted for the SSA turbidity test, and the sediment was 
retained for wet preparation microscopic examination. For the turbidity test, 2 mL SSA was 
added to 1 mL urine supernatant in a clean dry test tube, gently mixed, and turbidity evaluated 
at 1 minute, according to the scale: clear = 0, faint turbidity = trace, mild turbidity = 1+, 
moderate turbidity = 2+, opaque = 3+ and, turbid with visible protein sediment = 4+.  
iv. Urinary protein:creatinine ratios (UP:C) were measured quarterly as a minimum, 
determined by automated chemistry analysers (Konelab 20 and Konelab Prime 30, Thermo 
Scientific, USA) at the University of Sydney Veterinary Pathology Laboratory.  
v. A microalbuminuria immunoassay (Heska E.R.D. HealthScreen® Feline Urine Test) 
was conducted quarterly as a minimum, and on every sample collected under GA, according 
to manufacturer’s instructions. Where USG was >1.050, 1 mL of whole urine was diluted 1:1 
with distilled water. The specific gravity of the diluted sample was measured, and the test 
conducted as per manufacturer’s instructions. After the test was completed, the sample was 
checked to ensure it had been diluted to the standardised SG of 1.010. The sample was 
negative when the bottom band was darker than the top band. The sample was low positive 
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when the two bands were equal in intensity, medium positive when the top band was slightly 
darker than the bottom band, and high positive when the top band was very dark, and the 
bottom band was faint. Figure 7.1 is a scanned image of the relative colour intensity scales 
recommended by the manufacturer for interpretation of results.   
 
Figure 7.1 Manufacturer’s instructions for semi-quantitative interpretation of  
results of the feline species-specific microalbuminuria assay  
(Heska E.R.D. HealthScreen® Feline Urine Test)  
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vi. Wet preparation examination of urine sediment was performed by re-suspending 
the centrifuged urine sediment in 2–3 drops of urine. A drop of well-mixed, resuspended, urine 
sediment was placed onto a glass microscope slide, a coverslip added, and the unstained 
slide was examined by light microscopy with the condenser lowered to increase the refractive 
properties of any elements in the urine. The slide was examined at low power (4x–10x 
objective magnification) for large elements, e.g. casts, crystals, and lipid, and then at higher 
power (20x–40x objective magnification) for smaller elements, e.g. RBC, WBC, epithelial cells, 
other cells (e.g. spermatozoa) and organisms, parasites, bacteria and lipid droplets. Cellular 
elements were semi-quantitatively assessed as number seen per high-powered field (HPF; 
40x objective magnification). Bacteria were categorised morphologically as rods or cocci, and 
semi-quantitatively assessed on a scale of: absent = 0, small quantity = 1+, moderate quantity 
= 2+, large quantity = 3+. On occasion, as the last step, one drop of BD Sedi StainTM for urinary 
sediment (Fisher Scientific, USA) was added at the edge of the coverslip and allowed to diffuse 
into the urine sediment to stain cellular elements as an aid to morphological identification.  
vii. Thin-layer cell preparation was performed using cytocentrifugation apparatus 
(Thermo ScientificTM CytospinTM 4 Cytocentrifuge). To produce a thin layer of cells and debris 
with the liquid component removed, 100 µL urine was centrifuged at 750 rpm for 5 minutes. 
The cytospin glass microscope slide was allowed to air dry for 10 minutes, then stained with 
a Romanowsky-type rapid stain (Diff Quik, Lab Aids, Sydney, Australia; or Rapid Diff, 
Australian Biostain, Traralgon, Australia) for evaluation of cellular components under light 
microscopy.  
Any residual urine was stored frozen at -80°C for later analyses, if needed.  
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7.2.4. Data analysis 
Descriptive statistics were used to present intra-felid differences in USG and UP:C. Inter-felid 
differences in USG and UP:C were demonstrated using ordinary one-way ANOVA with 
correction for multiple comparisons using Tukey’s test (GraphPad Prism® version 7.00). 
Outliers (i.e. 3 data points; <1.003 and >>1.080) and any data which did not give a specific 
value (i.e. any datum that was recorded as “>1.045”, n=15) were removed only when 
calculating descriptive statistics for USG but were retained for analysis of other urine 
parameters. Correlations between tests for urinary protein, i.e. dipstick colourimetric test, SSA 
turbidity test, UP:C, and microalbuminuria assay, were compared using Spearman’s rank 
correlation, with dipstick protein as the criterion reference (GenStat 17th edition, VSN 
International, Hemel Hempstead, UK). Regression analysis was conducted, using a 
generalised linear model, to measure the strength of associations. Cohen’s kappa coefficient 
(κ) was calculated to assess the agreement between methods of urinary protein measurement. 
Unpaired t tests were used to compare differences in means of USG and UP:C measurements 
from voided urine samples and samples collected under GA. 
7.3. Results 
All felids living at Taronga Zoo Sydney for the 42-month period from May 2012 to November 
2015 were included in the study. This consisted of 11 felids: one female fishing cat 
(Prionailurus viverrinus); a breeding pair of snow leopards (Uncia uncia); three (one male, two 
female) African lions (Panthera leo senegalensis); and five Sumatran tigers (Panthera tigris 
sumatrae), a mature breeding pair and their three adolescent offspring. The majority of 
animals in this study were mature but not of advanced age (Table 7.1). All felids were clinically 
normal at the start of the study.  
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Table 7.1 All felids living at Taronga Zoo between May 2012 and November 2015 
Species 
Common name 
Scientific name 
Sex Date of Birth 
Age at  
start of study 
(years) 
Age at  
study endpoint 
(years) 
Snow leopard 
Uncia uncia 
male 12-Oct-03 7.7 11.2 
female 29-May-01 10.1 13.6 
African lion 
Panthera leo senegalensis 
female 28-Aug-03 8.8 12.3 
male 19-Aug-99 12.8 16.3 
female 06-May-01 11.1 14.6 
Fishing cat 
Prionailurus viverrinus 
female 12-Jan-02 10.1 13.6 
Sumatran tiger 
Panthera tigris sumatrae 
male 15-May-05 6.8 10.3 
female 17-Oct-03 8.6 12.1 
male 27-Aug-11 0.8 4.3 
male 27-Aug-11 0.8 4.3 
female 27-Aug-11 0.8 4.3 
 
7.3.1. Urine collection 
Regular voided urine samples (n=170) were collected from the floors of night dens of all eleven 
felids (Figure 7.2, Figure 7.3 and Figure 7.4). Most felids were relatively predictable about 
when and where they preferred to urinate and they displayed distinct individual preferences in 
their urination habits. The male lion, and the young tigers, did not like to urinate in their dens, 
so these animals only had three or four voided urine collections during the study, while others 
urinated reliably, allowing consistent and frequent collections (Table 7.2).  
During the period from May 2012 to November 2015, 23 general anaesthetic events occurred, 
involving nine felids, and urine was collected by cystocentesis (n=18), manual expression 
(n=2), or catheterisation (n=3), as seen in Figures 7.5 and 7.12. 
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Figure 7.2 Felid night den at Taronga Zoo, Sydney, prior to morning cleaning 
procedures. 
  
Figure 7.3 Urine collection by Taronga Zoo carnivore keeper, L. Ginman 
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Figure 7.4 Urine collection by sterile syringe from a visibly uncontaminated pool of 
voided urine 
 
7.3.2. Urine concentration 
Voided urine in clinically normal non-domestic felids was highly concentrated, with mean USG 
across all felid species of 1.067 ± 0.009. There was no evidence of inter-species variation in 
urine concentrating ability, with all felid species at Taronga Zoo – lion, tigers, and snow 
leopards – concentrating their urine to a very high degree. One felid, the female fishing cat, 
had a significantly lower mean (1.031 ± 0.012) and range (1.004–1.055) of USG compared to 
the other felids (P <0.0001). Individual felid USG summary data are presented in Table 7.2. 
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Table 7.2 Descriptive statistics of USG measurements from voided urine of eleven 
felids at Taronga Zoo 
Species 
No. of 
samples 
URINE SPECIFIC GRAVITY 
  Mean SD Minimum Maximum 
Snow leopard, male 17 1.070 0.008 1.046 1.080 
Snow leopard, female 15 1.060 0.008 1.052 1.075 
Lion, female 11 1.066 0.006 1.054 1.072 
Lion, male 8 1.060 0.015 1.030 1.075 
Lion, female 10 1.067 0.007 1.054 1.073 
Fishing cat, female 35 1.031 0.012 1.004 1.055 
Sumatran tiger, male 8 1.066 0.005 1.062 1.075 
Sumatran tiger, female 21 1.068 0.010 1.048 1.080 
Sumatran tiger, young male 16 1.072 0.007 1.055 1.080 
Sumatran tiger, young male 8 1.063 0.008 1.047 1.073 
Sumatran tiger, young female 3 1.072 0.009 1.062 1.080 
TOTAL 152     
SD=standard deviation  
7.3.3. Urine dipstick biochemistry 
Voided urine from 167 samples were of sufficient volume to enable dipstick biochemistry 
testing to be conducted. Six analytes were measured for each urine sample, and a summary 
of the results for all felids is presented in Table 7.4.  
Glucose: 100% of samples were negative for glucose.  
Bilirubin: 90% of samples were negative for bilirubin, and the remaining 10% (n=16/167) had 
small (1+) levels of bilirubin recorded. No explanation for the occasional instances of  
1+ bilirubinuria was determined from clinical histories and no clinical signs of hepatic disease, 
e.g. jaundice, were documented. Bilirubin of 1+ in urine occurred in 8/11 felids, usually on only 
one or two occasions (Table 7.4). The oldest felid (female fishing cat) had no incident of 
bilirubinuria recorded, and the female snow leopard had the most incidents of 1+ bilirubinuria 
recorded (n=5).  
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Ketones: 98% of samples were negative for ketones. Three samples were positive for 
ketones. All positive samples were from one felid, the female fishing cat, after a diagnosis of 
the onset of CKD was made. These instances of mild ketonuria corresponded with periods of 
inappetence noted in the clinical history. 
Blood: A positive reaction for blood haemoglobin (usually haemolysed) was a common 
finding, occurring in 27% of voided samples. There was no discernible association between 
the presence of blood on the dipstick with other reported clinical signs of urinary tract disease, 
and no information from the clinical record. In 89% of dipstick positive samples, no red blood 
cells (RBC) were visible on sediment examination. A summary of the frequency of detection 
of haemoglobin upon dipstick assay is presented in Table 7.3.  
Table 7.3 Frequency of haemoglobin detected in voided urine from felids at 
Taronga Zoo, Sydney 
Dipstick haemoglobin results % 
n= 
(/167) 
Nil 72 121 
Trace 9 15 
1+ 4 7 
2+ 2 3 
3+ 7 11 
4+ 6 10# 
# In a single sample, the 4+ reaction was profound and the comment, ‘extreme dipstick reaction, chemical artefact?’ was 
recorded  
pH: The mean pH of voided urine samples was 7.3 ± 0.8 (range 5.0–9.0), with median and 
mode of 7.0. The mean pH of urine samples collected by sterile techniques (Figure 7.5) was 
6.5 (median and mode 6.5, range 6.0–7.5). The pH values had a wider range in voided 
samples, and voided urine collected from enclosure floors was more alkaline than urine 
collected by sterile techniques (Figure 7.5).  
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Protein: 93% of samples were positive for protein by dipstick assay. Semi-quantitative 
measurements of urinary protein by dipstick were distributed across the whole spectrum from 
negative to 4+. There was considerable variability of dipstick protein readings for individual 
animals over time, and considerable inter-animal variation. Table 7.4 presents data for 
individual felids on dipstick biochemical assay results.   
 
Figure 7.5 Visualisation of the urinary bladder by ultrasound in an adult female 
African lion at Taronga Zoo, Sydney 
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Table 7.4 Summary of dipstick biochemistry and SSA turbidity test results for individual felids at Taronga Zoo, Sydney 
Species Scale 
Bilirubin 
(n=) 
Ketones 
(n=) 
Blood 
(n=) 
Dipstick 
protein 
(n=) 
SSA 
protein 
(n=) 
Distribution of SSA 
measurements relative to 
dipstick protein 
pH 
Mean 
pH 
Mode 
pH 
Range 
           
Snow leopard 
male 
Nil 17 19 10 1 -  
7.5 7.0 6.0 – 9.0 
Trace - 0 4 0 1  
1+ 2 0 3 2 1  
2+ 0 0 0 5 3 2+ 
3+ 0 0 1 4 1 1+, 2+ 
4+ - 0 1 7 - trace, 2+, 3+ 
 Total 19   19 6     
           
Snow leopard 
female 
Nil 13 18 7 0 -  
7.8 7.0 6.0 – 9.0 
Trace - 0 2 0 -  
1+ 5 0 1 0 1  
2+ 0 0 3 8 2 1+ 
3+ 0 0 3 5 2 2+, 3+ 
4+ - 0 2 5 1 2+, 3+, 4+ 
 Total 18   18 6     
           
Fishing cat 
female 
Nil 35 32 23 7 11 nil 
7.0 6.5 5.0 – 8.5 
Trace 0 0 4 13 - nil, nil, nil, nil, nil, nil 
1+ 0 2 2 12 1 nil, nil, nil, nil 
2+ 0 0 0 2 - 1+ 
3+ 0 1 3 0 -  
4+ 0 0 3 1 -  
 Total 35   35 12     
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Table 7.4 cont.  
Species Scale 
Bilirubin 
(n=) 
Ketones 
(n=) 
Blood 
(n=) 
Dipstick 
protein 
(n=) 
SSA 
protein 
(n=) 
Distribution of SSA 
measurements relative to 
dipstick protein 
pH 
Mean 
pH 
Mode 
pH 
Range 
           
African lion  
female 
Nil 12 13 12 0 6  
7.2 7.0 6.5 – 8.0 
Trace 0 0 0 1   
1+ 1 0 0 8  nil, nil, nil 
2+ 0 0 0 4  nil, nil, nil 
3+ 0 0 1 0   
4+ 0 0 0 0   
 Total 13   13 6     
           
African lion 
 male 
Nil 6 8 5 0 1  
6.9 7.0 6.0 – 7.5 
Trace 0 0 3 1 1 trace 
1+ 2 0 0 3  nil 
2+ 0 0 0 4   
3+ 0 0 0 0   
4+ 0 0 0 0   
 Total 8   8 2     
           
 African lion 
 female 
Nil 10 11 9 0 5  
7.0 7.0 6.0 – 8.5 
Trace 0 0 1 0   
1+ 1 0 0 4  nil, nil, nil 
2+ 0 0 0 4  nil 
3+ 0 0 0 3  nil 
4+ 0 0 1 0   
 Total 11   11 5     
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Table 7.4 cont.  
Species Scale 
Bilirubin 
(n=) 
Ketones 
(n=) 
Blood 
(n=) 
Dipstick 
protein 
(n=) 
SSA 
protein 
(n=) 
Distribution of SSA 
measurements relative to 
dipstick protein 
pH 
Mean 
pH 
Mode 
pH 
Range 
           
Sumatran tiger 
male 
Nil 9 9 9 0 1  
7.4 8.5 6.0 – 8.5 
Trace 0 0 0 1   
1+ 0 0 0 5 1 nil, 1+ 
2+ 0 0 0 3   
3+ 0 0 0 0   
4+ 0 0 0 0   
 Total 9   9 2     
           
Sumatran tiger 
female 
Nil 22 23 22 0 6  
7.2 7.5 6.0 – 8.5 
Trace 0 0 0 1 2  
1+ 1 0 0 7 1 trace, trace 
2+ 0 0 0 11  nil, nil, nil, nil, nil, 1+ 
3+ 0 0 0 1   
4+ 0 0 1 3  nil 
 Total 23   23 9     
           
Sumatran tiger 
young male 
Nil 18 20 16 0 1  
7.5 8.5 6.0 – 9.0 
Trace 0 0 1 2   
1+ 2 0 0 9   
2+ 0 0 0 4   
3+ 0 0 1 4   
4+ 0 0 2 1  nil 
 Total 20   20 1     
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Table 7.4 cont.  
Species Scale 
Bilirubin 
(n=) 
Ketones 
(n=) 
Blood 
(n=) 
Dipstick 
protein 
(n=) 
SSA 
protein 
(n=) 
Distribution of SSA 
measurements relative to 
dipstick protein 
pH 
Mean 
pH 
Mode 
pH 
Range 
           
Sumatran tiger 
young male 
 
Nil 6 8 6 0 2  
7.5 7.0 6.5 – 9.0 
Trace 0 0 0 0 1  
1+ 2 0 0 4 1 trace 
2+ 0 0 0 3  nil, nil 1+ 
3+ 0 0 1 0   
4+ 0 0 1 1   
 Total 8   8 4     
           
Sumatran tiger 
young female 
 
Nil 3 3 2 0 1  
7.8 8.0 7.0 – 8.5 
Trace 0 0 0 0 1  
1+ 0 0 0 1   
2+ 0 0 0 1  trace 
3+ 0 0 1 0   
4+ 0 0 0 1  nil 
 Total 3   3 2     
           
(n=) represents the number of specimens tested from an individual non-domestic felid
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7.3.4. Additional techniques for assessment of proteinuria 
Urinary protein was measured by three methods additional to the rapid colourimetric dipstick 
biochemistry test, namely i) SSA turbidity test; ii) urine protein to creatinine ratio (UP:C); and 
iii) microalbuminuria assay.  Not every urine sample had every type of protein assay 
conducted, thus there were overlapping subsets of data for the various techniques to measure 
proteinuria. 
 Sulfosalicylic acid turbidity test 
Sulfosalicylic acid (SSA) turbidity tests were performed on 55 urine samples, of which 34/55 
(66%) were negative for protein. Trace and 1+ turbidity were seen in 6/55 samples (11%) 
each, 5/55 (10%) were of 2+ turbidity, 3/55 (5%) were of 3+ turbidity, and 1/55 was of 4+ 
turbidity. SSA turbidity test measurements of protein were consistently equal to or one grade 
lower than dipstick protein measurements. There was poor agreement between dipstick 
protein readings and SSA turbidity tests (κ=0.164, CI 0.064–0.100), and moderate positive 
correlation between dipstick protein readings and SSA turbidity tests (ρ=0.668,  
P <0.001). The comparison of dipstick protein and SSA protein measurements is presented in 
Table 7.5.  
Table 7.5 Relationship between dipstick protein and SSA turbidity tests in urine 
samples from eleven felids at Taronga Zoo 
Dipstick 
protein grades 
SSA turbidity grades Total 
Nil Trace 1+ 2+ 3+ 4+ 
Nil 1 0 0 0 0 0 1 
Trace 6 1 0 0 0 0 7 
1+ 12 3 1 0 0 0 16 
2+ 11 1 4 1 0 0 17 
3+ 1 0 1 2 1 0 5 
4+ 3 1 0 2 2 1 9 
Total 34 6 6 5 3 1 55 
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 Urinary protein:creatinine ratio 
Urine protein to creatinine ratios were measured in 96 voided urine samples (Table 7.6). 
Proteinuria (UP:C >0.4) was not detected in lions or Sumatran tigers, and three felids (two 
snow leopards and a fishing cat) accounted for all occurrences of proteinuria. Values for UP:C 
were <0.2 in 64/96 (66%) samples, 17 samples were in the range of 0.2–0.4 and 15 samples 
had UP:C >0.4. Proteinuria levels as determined by UP:C were low in clinically normal African 
lions (mean: 0.0783 ± 0.0498) and Sumatran tigers (mean: 0.0786 ± 0.0351). Both clinically 
normal snow leopards had high levels of protein in their urine (mean: 0.493 ± 0.177), as did 
the fishing cat with CKD (mean: 0.332 ± 0.359). 
Correlation of UP:C with the two components of the ratio – protein and creatinine – revealed 
that urinary creatinine concentrations had a stronger influence on the result than did urinary 
protein. Decreasing urinary creatinine concentrations were significantly and strongly 
negatively correlated with increasing UP:C (ρ= -0.610, CI -0.712 – -0.482; P <0.0001), 
whereas urinary protein concentrations had a moderate correlation with increasing UP:C  
(ρ =0.475, CI 0.3222–0.604; P <0.0001). 
Table 7.6 Summary of UP:C measurements from voided urine of eleven felids at 
Taronga Zoo, Sydney 
Species No. of samples Mean SD Median Range 
Snow leopard, male 10 0.453 0.206 0.393 0.239 – 0.969 
Snow leopard, female 10 0.533 0.143 0.509 0.372 – 0.783 
Fishing cat, female 21 0.332 0.359 0.215 0.126 – 1.790 
African lion, female 9 0.0606 0.0219 0.0524 0.0363 – 0.107 
African lion, male 7 0.0795 0.0402 0.0753 0.0374 – 0.158 
African lion, female 9 0.0694 0.0485 0.0544 0.0382 – 0.195 
Sumatran tiger, male 5 0.0532 0.00829 0.0518 0.0435 – 0.0652 
Sumatran tiger, female 10 0.0666 0.00969 0.0672 0.0507 – 0.0849 
Sumatran tiger, young male 6 0.111 0.0498 0.0849 0.0541 – 0.189 
Sumatran tiger, young male 6 0.0780 0.0270 0.0767 0.0361 – 0.118 
Sumatran tiger, young female 3 0.0739 0.00746 0.0729 0.0671 – 0.0819 
Young tigers combined 15 0.0905 0.0424 0.0789 0.0361 – 0.189 
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 Feline-specific microalbuminuria immunoassay 
A commercial feline-specific immunoassay for microalbuminuria (Heska E.R.D. 
HealthScreen® Feline Urine Tests) was tested in both voided urine and urine collected by 
sterile technique, for every felid in this study, with 114 tests conducted in total (Figure 7.6). Of 
these, 85 voided urine samples across all 11 felids were negative for microalbumin, and 
microalbumin positive voided urine samples were only obtained from the male snow leopard 
(1/13 samples), the female snow leopard (7/11 samples), and the aged fishing cat in its last 
two months of life (2/18 samples) prior to death due to pyelonephritis.   
 
Figure 7.6 Images of the Heska E.R.D. HealthScreen® feline-specific microalbumin 
immunoassay, demonstrating from left to right: LOW POSITIVE, 
NEGATIVE and NEGATIVE readings.  
Interpretation of the test results was based on a comparison of the relative intensities of the test band(s) and was used to 
classify the sample into one of four categories: negative or low, medium or high positive (see Figure 7.1).  
 
All (100%) voided urine samples with UP:C <0.2 were microalbuminuria negative, 13% of 
samples in UP:C range 0.2–0.4 were microalbuminuria positive, and 46% of UPC >0.4 were 
microalbuminuria positive. The correlation between the results of the microalbuminuria assay 
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and UP:C was statistically significant, moderate, and positive (ρ =0.465, CI 0.248–0.579,  
P =0.001, df=99), and there was fair agreement between the two tests (K=0.268, CI 0.104–
0.432). The relationship between UP:C measurement and microalbuminuria test assay results 
are presented in Table 7.7.   
Table 7.7 Relationship of UP:C measurements with microalbuminuria assay results 
 MICROALBUMIN RESULTS 
UPC values NEGATIVE LOW POSITIVE 
MEDIUM or HIGH 
POSITIVE 
TOTAL 
<0.2 53 0 0 53 
0.2 – 0.4 14 1 1 16 
>0.4 7 2 4 13 
There was no correlation between dipstick protein assay and UP:C (ρ=0.162, CI -0.0213–
0.335; P=0.074), thus measurement of urinary protein by dipstick test was a poor predictor of 
quantified proteinuria via UP:C measurement. 
7.3.5. Correlation between urinary protein, haemoglobin and pH 
Dipstick biochemistry measurements of urinary protein, haemoglobin (Hb), and pH were 
analysed for correlation, because increased amounts of blood in the urine, or alkaline pH, 
have been reported to elevate protein measurement upon dipstick assay [443, 444]. 
Haemoglobin and pH had low positive correlation with dipstick protein, with Spearman’s 
correlation coefficients of ρ=0.282 and ρ=0.358 (P <0.01, df=164) respectively. A GLM fitted 
for the effect of both pH and Hb on dipstick protein showed there was a significant association 
between increasing levels of haemoglobin and pH and dipstick protein values (P=0.02), and 
the association was found to be between increasing protein and increasing pH (P=0.024), but 
not between increasing protein and increasing Hb (P=0.69). Increasing USG also correlated 
significantly with increasing dipstick protein levels (ρ=0.536, P<0.001, df=161).  
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Correlation between pH and either SSA turbidity test or UP:C measurements was also 
assessed. Correlation between microalbuminuria and pH was not assessed. There was no 
association between pH and either SSA (ρ=0.0574, P=0.65, df=63) or UP:C (ρ= -0.123, 
P=0.179, df=119) measurements, demonstrating that only the dipstick protein reagent is 
susceptible to changes in alkaline pH, a finding supported by the literature. 
7.3.6. Sediment analysis (wet preparation and cytocentrifugation) 
Crystals were seen in 35% of voided urine samples. No clinical signs associated with 
urolithiasis were reported in the 11 felids for the duration of the study period. An increase in 
pH was significantly associated (P <0.0001) with increased likelihood (OR 6.463, CI 2.943–
14.48) of the appearance of crystals in urine (Figure 7.7).  
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Figure 7.7 Relationship between urinary pH and the presence of crystals in urine 
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Casts (cylinduria) were seen in 10% of samples, usually ≤1/LPF, and consisted of hyaline or 
fine granular casts or a combination.  
Lipid was very common, present in 36% of samples, all from the Sumatran tigers (Figure 7.8) 
and mature African lions in this study.  
Figure 7.8 Microscopic lipid droplets and cellular elements in the urine of an 
adolescent male Sumatran tiger  
 
The black arrows indicate lipid droplets, red arrows indicate leukocytes, and blue arrow indicates an epithelial cell. 
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Sumatran tigers had large amounts of lipid present regularly in their urine. The mature 
breeding male had 3+ to 4+ lipid droplets noted commonly, and the mature female had more 
fluctuating levels. On some occasions, a thick floating layer of lipid would be visible upon 
centrifugation, giving a ‘salad dressing’ appearance to the urine as in Figure 7.9, or smearing 
the walls of the specimen container with a visible greasy film, whereas at other times the lipid 
content would be less pronounced and lipid droplets would be visible only upon light 
microscopy. Each of the lions had lipid reported frequently. The oldest mature male lion had 
the highest levels of lipid reported, and the lionesses had lipid present in 46% of their urine 
samples. A low level (1+) of lipid was detected on one occasion in urine from the fishing cat 
but lipid was not reported in snow leopard urine.  
Figure 7.9 Visible lipid layer in the voided urine of an adult female Sumatran tiger 
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Red blood cells (RBC). Haematuria, defined as >10 RBC/HPF, was evident in 3% (5/170) of 
samples. Visible RBC in urine sediment were always associated with 3+ or 4+ dipstick 
reactions for haemoglobin.  
White blood cells (WBC). Transient pyuria, defined as >10 WBC/HPF, was evident in 4% 
(7/170) of samples. 
Epithelial cells. 25% of samples contained epithelial cells, variously described as urothelial 
cells, renal epithelial cells, or squamous cells (Figure 7.10).  
 
Figure 7.10 Squamous epithelial cells in the voided urine of an adolescent male 
Sumatran tiger  
The frequency of lipid droplets, casts and epithelial cells present in voided urine samples 
according to individual felids is presented in Table 7.8. 
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Table 7.8 Frequency of lipid droplets, casts, and epithelial cells observed in voided 
urine samples from eleven felids at Taronga Zoo, Sydney 
Species Lipid Casts Epithelial cells 
 
Number of 
positive samples 
% of  
positive samples 
Number of 
positive samples 
Number of 
positive samples 
Snow leopard, male 0/19 0% 1/19 4/19 
Snow leopard, female 0/18 0% 0/19 4/18 
Lion, female 6/13 46% 2/13 5/13 
Lion, male 5/8 63% 3/8 2/8 
Lion, female 5/11 45% 0/11 7/11 
Fishing cat, female 1/35 3% 4/35 4/35 
Sumatran tiger, male 7/9 78% 1/9 2/9 
Sumatran tiger, female 17/23 74% 3/23 6/23 
Sumatran tiger, young male 13/20 65% 2/20 7/20 
Sumatran tiger, young male 7/8 88% 1/8 5/8 
Sumatran tiger, young female 1/3 33% 0/3 1/3 
 
Organisms. Approximately one in three voided samples (30%) were visibly contaminated with 
a mix of enteric and environmental bacterial flora. Environmental bacterial contamination of 
voided urine presented as a qualitative score of 1+ bacteria, with low numbers of 3–4 mixed 
morphotypes (rods and cocci) seen upon sediment examination and thin-layer preparation by 
cytocentrifugation (Figures 7.11). Urinary tract infection presented twice in this study in the 
aged female fishing cat, seen as 4+ bacteria of one single morphotype on microscopic 
examination of urinary sediment. The diagnosis of UTI was supported by a pure growth of the 
same bacterial species on subsequent culture of the voided sample, and was confirmed with 
follow-up sterile urine collection by cystocentesis, which also cultured the same bacterial 
species.  
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Figures 7.11 a) and b) Bacterial contamination of voided urine specimens  
Upper image: Mixed bacterial contamination (3–4 morphotypes) with rods and cocci visible in voided urine sediment 
prepared by cytocentrifugation and stained with Romanowsky-type rapid stain 
Lower image: Mixed bacterial contamination (>2 morphotypes) with rods and cocci visible in voided urine sediment as wet 
preparation, and stained with BD SediStainTM.  
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7.3.7. Use of voided urine as a prognostic tool to monitor for the onset of CKD 
One felid, the 12 year old female fishing cat, was diagnosed with the onset of CKD during the 
study period. Impaired kidney function, evidenced as persistently inadequately concentrated 
urine (USG <1.035) and two occurrences of urinary tract infection, was detected solely by 
examination of voided urine, and confirmed by consequent collection of urine samples via 
cystocentesis, prompting treatment with parenteral antibiotic therapy. There was increased 
lability in the USG measurements of this fishing cat, demonstrated by the wider range and 
standard deviation of USG values around the mean and median values (see Appendix 3, 
Graph #38). As kidney function starts to fail, urinary concentrating ability declines and USG 
may be more influenced by daily water consumption or metabolic water production. In this 
fishing cat, the onset of inadequate urine concentrating ability occurred 23 months prior to the 
onset of azotaemia. Three bouts of mild ketonuria prompted investigation of the clinical record 
and were associated with periods of transient inappetence. This female was euthanised due 
to CKD, with clinical azotaemia at the end of life, and with pyelonephritis and 
glomerulonephritis documented at necropsy.   
Ten felids were evaluated as clinically normal over the duration of this study, as determined 
by normal USG values, normal urinary chemistry, and no abnormalities in body weight, 
appetite, or thirst in their clinical or husbandry records. One clinically normal mature male lion 
had evidence of lowered USG on occasion, warranting ongoing monitoring for onset of CKD. 
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7.3.8.  Effect of collection method on various analytes in urine 
 Effect of collection method on urine specific gravity (USG) 
Urine samples collected during 23 GA events were obtained from 9 felids during the 42-month 
period of the study, and descriptive statistics are summarised in Table 7.9. Urine in clinically 
normal non-domestic felids collected under GA was highly concentrated, with mean USG 
across all clinically normal felid species of 1.049 ± 0.016 (median 1.049, range 1.019–1.071).  
Table 7.9 Descriptive statistics of USG measurements from urine collected from 
nine felids under general anaesthesia at Taronga Zoo, Sydney and their 
comparison to mean USG values of voided urine  
Species URINE SPECIFIC GRAVITY Comparison to voided urine# 
 
No. of 
samples 
Mean SD Min Max P value 
Difference in 
means between 
GA and conscious 
samples 
Snow leopard  
male 
2 1.066 0.002 1.064 1.068 0.7427 0.002 ± 0.006 
Snow leopard  
female 
1 1.060 - 1.060 1.060 - - 
African lion  
male 
3 1.048 0.008 1.034 1.063 0.3089 -0.014 ± 0.012 
African lion  
female 
1 1.062 - 1.062 1.062 0.0742 0.012 ± 0.006 
Fishing cat  
female 
5 1.027 0.006 1.019 1.034 0.3846 -0.006 ± 0.006 
Sumatran tiger  
female 
6 1.049 0.003 1.044 1.051 <0.0001 -0.019 ± 0.004 
Sumatran tiger  
young male 
2 1.065 0.005 1.060 1.070 0.6917 0.002 ± 0.006 
Sumatran tiger  
young male 
1 1.071 - 1.071 1.071 - - 
Sumatran tiger  
young female 
2 1.059 0.004 1.055 1.063 0.3393 0.010 ± 0.008 
Young tigers combined 5 1.064 0.003 1.055 1.071 0.5676 0.002 ± 0.004 
All felids, combined 23 1.049 0.016 1.019 1.071 0.0248 -0.010 ± 0.004 
# Unpaired t tests were used to compare differences in means of USG measurements from voided urine samples  
(Table 7.2) and samples collected under GA.  
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In this study, general anaesthesia in all felids at Taronga Zoo was induced with a combination 
of medetomidine and ketamine, maintained with inhaled isoflurane and IV fluid were 
administered routinely. Urine collected during EUA was routinely collected as the last 
procedure prior to rousing the felid. There was a significant difference between the overall 
mean USG (P=0.0248) from urine collected at the end of GA, for all felids combined, however 
when the data was analysed by individuals, only the adult female Sumatran tiger had 
significantly lower USG measurements on urine collected under GA, as compared to voided 
urine collected from concrete den flooring, and she represented the largest proportion of 
samples collected under GA (6/23). This female Sumatran tiger experienced the lengthiest GA 
procedures (>2 hours), with IV fluids administered at a high rate (approximately 350 mL/h) as 
she required significant dental work and root canal therapy. For two of the GA events, voided 
urine was available prior to anaesthetic induction, and urine samples were collected during 
and/or at the end of GA. For a GA event in May 2014, a voided urine sample (USG=1.073, pH 
8.5, 2+ dipstick protein, microalbuminuria negative) was collected at approximately 8.00 a.m. 
from the floor of her night den prior to commencing her sedation. This sample would have 
been eliminated at some time through the night when she had been kept in her night den on 
nil per os.  Sedation was administered at approximately 9.00 a.m. A urine sample collected by 
cystocentesis at 11.15 a.m. had USG=1.044, pH 6.5, 2+ dipstick protein, with low positive 
microalbuminuria. A final urine sample collected by cystocentesis at 12.20 p.m. had 
USG=1.043, pH 6.5, 1+ dipstick protein, and had medium positive microalbuminuria. 
Approximately 1100 mL of intravenous fluids was administered during the course of the 
anaesthetic procedure, at a rate of approximately 350 mL/h. For a second dental procedure 
conducted in July 2014 on this female Sumatran tiger, a voided urine sample (USG=1.055,  
pH 8.5, 4+ dipstick protein, microalbuminuria negative) was collected at approximately  
7.00 a.m. from the floor of her night den prior to commencing the GA procedure. Sedation was 
administered at approximately 8.00 a.m., and IV fluid therapy commenced at approximately 
Chronic Kidney Disease  Thesis  Sydney School of Veterinary Science 
in Australian Zoo Felids  Rachel D’Arcy University of Sydney 
 
248 
8.30 a.m. A urine sample collected by cystocentesis at 8.55 a.m. before commencing other 
procedures under GA had USG=1.048, pH 6.5 and 2+ dipstick protein. A final urine sample 
collected by cystocentesis at 11.04 a.m. had USG=1.046, pH 6.5, 2+ dipstick protein, and was 
medium positive for microalbuminuria. A portion of this final urine sample acquired by 
cystocentesis was taken back to the night dens and poured onto the concrete floor, left for one 
hour, then recollected at 11.00 a.m. No effect on any urinalysis parameters was observed by 
allowing this sample to be in contact with concrete and air for one hour.  
 Effect of collection method on urine protein to creatinine ratio 
(UP:C) 
The collection method had no clinically relevant effect on measurement of UP:C, as there was 
no significant difference between the UP:C measurements of voided samples and those of 
samples collected under GA (P=0.7142), for all felids combined and for any individual African 
lion, snow leopard or fishing cat. There was a significant difference in the mean UP:C 
measurements of voided samples and those of samples collected under GA (P=0.0122), for 
young Sumatran tigers combined, and the adult female Sumatran tiger (P=0.0012), however 
the elevation of UP:C measurements associated with GA was of little clinical significance as 
they were still below the threshold of <0.4.  UP:C of urine collected under GA was consistently 
higher than samples taken from voided urine from concrete surfaces. Table 7.10 presents the 
UP:C measurements (n=23) from urine of nine felids collected during EUA at Taronga Zoo, 
Sydney.  
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Table 7.10 Descriptive statistics of UP:C measurements from urine collected from 
nine felids under general anaesthesia at Taronga Zoo, Sydney and their 
comparison to mean UP:C values of voided urine 
URINE PROTEIN CREATININE RATIO Comparison to voided urine# 
Species 
No. of 
samples 
Mean Median Range P value 
Difference in 
means 
Snow leopard  
male 
2 0.390 0.390 0.335 – 0.446 0.6887 0.0629 ± 0.153 
Snow leopard 
 female 
1 0.562* 0.562 -- - - 
African lion  
male 
3 0.163 0.184 0.117 – 0.190 0.0708 0.0839 ± 0.0279 
African lion  
female 
1 0.596* 0.596 - - - 
Fishing cat  
female 
5 0.297 0.152 0.132 – 0.546 0.8354 0.543 ± 0.109 
Sumatran tiger  
female 
6 0.145 0.134 0.0754 – 0.240 0.0012 0.0664 ± 0.0157 
Sumatran tiger 
young male 
2 0.044* 0.044 - - - 
Sumatran tiger  
young male 
1 0.285* 0.285 - - - 
Sumatran tiger 
young female 
2 0.198 0.198 0.126 – 0.271 0.1059 -0.124 ± 0.0542 
Young tigers combined 5 0.181 0.198 0.044 – 0.285 0.0122 -0.0908 ± 0.0329 
All felids, combined 23 0.239 0.168 0.044 – 0.889 0.7142 0.02183 ± 0.0595 
* Only one sample had UP:C calculations performed. 
 # Unpaired t tests were used to compare differences in means of UP:C values from voided urine samples (Table 7.6) and 
samples collected under GA.  
 
 Effect of collection method on microalbuminuria assay test results 
Every sample (100%) collected under GA was microalbuminuria positive (low positive=11, 
medium positive=6, high positive=2), across all four species of felids: African lion, Sumatran 
tiger, snow leopard, and fishing cat. Across all urine samples collected by all methods, a 
significant strong correlation exists between collection method (i.e. collected during GA) and 
microalbumin positive test results (ρ=0.7661, CI 0.676–0.834, P <0.0001, df=114). 
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7.4. Discussion 
Normal felids have highly concentrated urine. The range of USG for all Taronga Zoo felids 
showing no evidence of kidney disease in this study was from 1.048 to 1.080, with a mean of 
1.067 ± 0.009 and median of 1.068. Normal voided urine in non-domestic felids was so highly 
concentrated that it was often ‘off the scale’. Most hand-held refractometers used in veterinary 
medicine are not calibrated to read USG levels above 1.045 to 1.050, and so readings beyond 
the upper limit of the USG scale were quantified using the refractive index measurement, and 
a conversion scale. USG tended to be higher in voided samples than in samples collected by 
catheterisation or cystocentesis from the same animal, but the difference was not significant 
for any felid. Evaporation of water from voided urine can occur when it is left in contact with 
surfaces, which could increase USG, and contamination with environmental flora may also 
occur. 
Nine felids had only one or two sampling events available for USG via cystocentesis, while 
there were multiple data points available for voided urine for all felids. This was a practical 
demonstration of the benefits of voided urine sampling. Although there were infrequent 
opportunities to collect ‘perfect’ urine samples, it was frequently possible to collect voided 
urine, demonstrating how productive voided urine sampling is compared to collection under 
GA. 
This study has demonstrated that voided urine provides a reliable measurement of USG when 
compared to samples collected directly from the bladder by catheterisation or cystocentesis. 
No significant difference in mean USG due to sampling method was detected in this study, 
however the number of samples collected under GA was small. Eight of the eleven felids had 
no significant change in their mean USG depending on sampling method and only one felid, 
a female Sumatran tiger which underwent six GA, had a significantly lower USG from urine 
collected under GA compared to urine voided by the conscious animal. The author was 
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present at all urine collections under GA, and urine collected by cystocentesis was always 
collected as the last procedure, which was up to two hours (time of induction to recovery from 
anaesthesia) after the commencement of IV fluid therapy. In dogs, -2 agonist induced 
diuresis is implicated as a factor resulting in urine collected under GA being more dilute [445]. 
Both IV fluids and -2 agonists are contributing factors to lowered USG values, therefore it is 
likely that USG values are lowered during sedation procedures, rather than voided urine 
samples creating spuriously high readings.  
There is no guideline from ZIMS on normal voided urine parameters in non-domestic felids, 
and no published threshold for well-concentrated urine for non-domestic felids, but zoo felids 
in this study demonstrated a very high specific gravity compared to the USG values recognised 
as normal for domestic cats. When looking for evidence of kidney disease, a high USG is 
considered healthy, and it is thus of less clinical importance to know the exact value of USG if 
it is high, so recording a value of >1.045 when the reading is ‘off-the-scale’ may be sufficient, 
when monitoring these animals.  
The ‘typical’ dipstick analysis of voided urine from a clinically normal captive non-domestic 
felid was negative for glucose, ketones, and bilirubin, with normal urobilinogen levels and 
neutral pH (7.0).  
Voided urine was more alkaline due to a number of possible factors, such as: increased age 
of sample and exposure to air for up to six hours prior to collection, compared to samples 
collected by sterile technique; collection from lime-based concrete surfaces; and possible 
bacterial contamination leading to urea production and increases in pH.  
Crystalluria was considered to be incidental and a function of the age and pH of refrigerated 
samples. Little diagnostic significance was attributed to the presence of crystals in samples 
collected by the methods in this study, as increased storage times and refrigeration can 
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promote formation of crystals. The presence of crystals may indicate a pathological process 
in a fresh unrefrigerated sample, however precipitation of crystals from urine is a simple 
chemical process which can also occur due to time and to temperature changes. Urine is a 
complex solution carrying a variety of solutes, and refrigeration or changes in pH over time 
can cause crystals to precipitate out, therefore their presence in a voided sample may not 
reflect the true condition within the bladder. 
The detection of blood (usually haemolysed) upon dipstick analysis was not uncommon, 
occurring in approximately one-quarter of all voided samples. Elements assessed in urine 
sediment include the presence of blood, either as visible whole erythrocytes or as haemolysed 
red blood cells detectable as haemoglobin by dipstick testing. Haematuria is considered 
pathological because bleeding in any part of the urinary tract would be considered abnormal. 
Similarly, the presence of white blood cells is considered as a marker for diseases involving 
inflammation or infection, as is the detection of bacteria or parasites in urine samples.  
Diagnosis of UTI is possible from voided urine, and it was made twice during this study, on 
the basis of a subjective assessment of bacterial load in the voided urine. In each case, the 
bacterial load was significantly greater than the low bacterial load seen in a contaminated 
voided urine sample. Bacteria were present in approximately one-third of the voided urine 
samples, but subjective assessment of the levels of bacteriuria was useful in guiding whether 
to proceed to follow-up sample collection under GA to acquire cystocentesis samples for 
culture and susceptibility testing. Subjective assessment of bacteriuria level correctly identified 
UTI in two instances in the fishing cat with renal insufficiency. Thus, while there is some degree 
of stigma attached to voided urine as an unclean sample, it was possible in this study to clearly 
distinguish UTI from background contamination.  
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Lipuria was a common finding in African lions and Sumatran tigers. Lions and tigers excrete 
proportionately large amounts of lipid in their urine [446, 447]. It has been hypothesised that it 
is associated with preserving volatile organic pheromones [182] for the territory-marking 
process. A white streak has been reported visible at sites where lions and tigers have marked 
and it is proposed that this is fatty residue remaining after the urine has evaporated. Hewer 
[489] documented a correlation between body condition and lipid content of the bladder, 
although the source of the lipid is unknown.  
Proteinuria as determined by colourimetric dipstick assay was also common, occurring in 91% 
of samples, with great intra- and inter-individual variability from 0 to 4+ across repeated 
samples. The dipstick assay consistently overestimated protein levels as determined by SSA 
turbidity test conducted on the same sample. No conclusions about the diagnostic usefulness 
of dipstick protein assays of voided urine of captive felids are drawn. Urinary protein 
measurements showed variation over time within individual animals and between animals.  
Dipstick protein readings can be falsely elevated in alkaline samples, and as most voided urine 
samples were highly concentrated with pH >7.0, the value of protein assessment using 
dipstick analysis may be limited. An increasing rate of false positives occurs with increasing 
pH levels [444], but the rate of false positives can be decreased by increasing the threshold 
for classification of a urine sample as ‘proteinuric’ to 2+ and greater. As the urine is voided, 
extra-renal sources of protein cannot be definitively eliminated and the protein may be from 
any site in the urogenital tract. Consequently, in well-concentrated neutral to alkaline voided 
urine samples, dipstick readings of protein <1+ should be classified as non-proteinuric, and 
for dipstick protein readings of >2+, a follow-up UP:C test should be performed to quantify 
urinary protein level. UP:C testing may in fact be more generally applicable in this setting, as 
its validity does not appear to be significantly affected by which collection method is used or 
the sample’s pH, and it is more sensitive and specific than the microalbuminuria assay. SSA 
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and UP:C are considered to have better sensitivity and specificity than dipstick tests [170, 444, 
448], however data was not available for every sample in this study.  
There was overall good correlation between results for the urine dipstick and SSA tests, and 
overall good correlation between results for the UP:C and the microalbuminuria assay, but 
there was not a strong correlation between dipstick protein levels and microalbuminuria or 
UP:C measurements. In non-domestic felids, dipstick protein quantification may be acceptable 
for ‘ballpark’ approximations of urinary protein, but the dipstick test frequently overestimated 
protein levels. For monitoring proteinuria amongst diverse felid species, UP:C testing may be 
a more reliable means of quantifying urinary protein, because it does not appear to be 
influenced as significantly by collection method or pH, and it is more specific than 
microalbuminuria assay. 
In domestic species, IRIS guidelines recommend that proteinuria be considered a secondary 
marker for the staging and evaluation of CKD progression, and that the greater the magnitude 
of proteinuria in dogs and cats, the greater is their risk for progression of kidney disease 
towards death. Attenuation of proteinuria in cats with UP:C >1 has been associated with 
increased survival times [417], but there is no consensus on a threshold where proteinuria is 
considered pathological in non-domestic felids, or on whether treatments effective in domestic 
cats could also ameliorate proteinuria in zoo felids.  
Proteinuria is a non-specific term encompassing the detection of many types of protein in urine 
including albumin, uromodulin, cauxin, globulins, Bence-Jones proteins, and others. In 
domestic cats, albumin is considered the predominant protein in both healthy animals and 
those with renal disease [444].  
 
Chronic Kidney Disease  Thesis  Sydney School of Veterinary Science 
in Australian Zoo Felids  Rachel D’Arcy University of Sydney 
 
255 
The gold standard for assessing urinary protein output is considered to be 24-hour collection 
of all urine, but this is obviously impractical in a zoo setting, and has been demonstrated to be 
fraught with logistical difficulties even in humans. In humans, measurement of albuminuria in 
the first morning voided samples provides acceptable accuracy and reliability in most 
circumstances [169]. In animals, UP:C testing is considered the gold standard for 
quantification of urinary protein, with close correlation to 24-hour urine protein measurements 
[449, 450].  
Current ACVIM consensus recommendations state that in domestic cats UP:C <0.2 is 
considered normal, 0.2–0.4 is borderline proteinuric, and >0.4 is considered pathological. 
Protein levels in zoo felids in this study tended to be higher than that considered normal in 
domestic cats. Both snow leopards had high levels of protein in their urine (male: UP:C mean 
0.453 ± 0.206; female: UP:C mean 0.533 ± 0.143) throughout the study, and one female 
fishing cat which developed CKD due to pyelonephritis also had persistently elevated UP:C 
readings. Both snow leopards’ urine produced 3+ to 4+ readings on SSA turbidity tests and 
dipstick protein tests, and the female snow leopard was routinely positive upon 
microalbuminuria assay. Proteomic analysis of these urinary proteins in snow leopards would 
help elucidate their nature, and renal biopsy of glomerular tissue in these individuals may help 
elucidate whether proteinuria is physiological or pathological in Uncia uncia. Analysis of data 
from retrospective studies (Chapter Three) supports the concept that snow leopards may have 
physiological proteinuria, as nine UP:C measurements taken from four snow leopards in other 
Australian zoos showed that UP:C in these animals ranged from 0.5 to 2.5 (all within the 
pathological range for domestic cats). Two are still alive and two died from causes other than 
CKD (neoplasia and old age respectively). The high levels of proteinuria seen in snow 
leopards in this study begs the question – is proteinuria physiological or pathological across 
every felid species? Species-specific features of urine constituents, such as the high lipid 
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levels of Sumatran tiger urine and the high protein levels of snow leopard urine, may be 
physiological adaptations to their respective tropical and cold-climate habitat niches, for 
communication or territory-marking purposes.  
This study was the first to assess the validity of the Heska E.R.D. HealthScreen® for detection 
of albumin in the urine of large non-domestic felids. Prior to commencing this study, this feline-
specific immunoassay was assessed as likely to be effective in non-domestic felids because 
albumin is highly conserved across felid species. Albumin has been reported in the urine of 
six different felid species [182, 451], as has cauxin. There is high peptide sequence 
conservation for both cauxin and albumin in both non-domestic felids and domestic cats [451]. 
The microalbumin assay recorded positive and negative results, detecting albumin in the urine 
of all species of felid in this study, including African lion (Panthera leo senegalensis), Sumatran 
tiger (Panthera tigris sumatrae), fishing cat (Prionailurus viverrinus), and snow leopard (Uncia 
uncia). Microalbuminuria is considered a pathological condition, and therefore normal felids 
would be expected to be negative for it. Albuminuria in domestic cats is uncommon in healthy 
individuals, and as ten felids in this study were clinically normally at time of sample collection, 
a high proportion of negative results was to be expected. Proteinuria is considered a hallmark 
of glomerular disease, which has been documented as a common form of kidney disease in 
cheetahs and Iberian lynx, but neither species was present in this study. Glomerulopathies 
have not been reported as over-represented in lions, tigers, and snow leopards, which are the 
main species in this study.  
Microalbumin was generally not detected in voided urine from clinically normal felids, with the 
exception of snow leopards, which seem to contribute a larger protein fraction to urine than 
other felid species do, however the collection method profoundly influenced test results from 
the feline Heska E.R.D. HealthScreen® microalbuminuria immunoassay and 100% of samples 
were positive when collected under GA. The unexpectedly high proportion of positive samples 
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(100%) collected during anaesthesia requires explanation. An argument could be made that 
voided urine samples somehow under-represented the true occurrence of microalbuminuria 
due to some flaw in the collection technique associated with voided urine. However, studies 
in urine collection methods in domestic cats have shown that collection from surfaces such as 
plastic and metal trays has no influence on dipstick assays of protein [452], and it is unlikely 
that albumin is being adsorbed on contact with concrete surfaces when voided in animal 
enclosures.  
A more plausible explanation for the 100% incidence of albuminuria during GA is that the 
anaesthetic agents used cause a rapid and clinically measurable appearance of albumin in 
the urine. Studies in laboratory rats have demonstrated that vasoconstriction and reduced 
renal perfusion (temporary occlusion of the renal pedicle by clamping) cause rapid flooding of 
albumin into the glomerular filtrate and thus engender immediate profound albuminuria [453]. 
It can be postulated that albuminuria is evidence of an episode of decreased renal perfusion 
or alteration of tubular re-uptake of albumin caused by anaesthetic agents 
(medetomidine/ketamine/isoflurane anaesthetic combinations) administered to induce GA. 
Whatever the cause, collection method obviously has profound implications when interpreting 
the results of the Heska E.R.D. HealthScreen® immunoassay in zoo felids. On the basis of the 
data presented here, feline-specific immunoassays should be interpreted with caution where 
samples were collected under GA with -2 agonist anaesthetic agents. A positive result is 
more likely due to the confounding influence of being collected under anaesthesia than an 
indication of glomerulopathy. The microalbuminuria assay was subject to a huge confounding 
factor in that sample collection method strongly influenced results and therefore may introduce 
inherent bias into the analysis. At this stage, use of the Heska E.R.D. HealthScreen® 
immunoassay in zoo felids should be limited to testing voided samples. Voided samples from 
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conscious animals were consistent over time for each animal, and therefore using each felid 
as its own benchmark provides most accuracy.  
These findings also help overcome the dogma that voided urine is not a ‘perfect’ sample on 
which to perform urinalysis. In truth, there are limited occasions when a sterile sample is 
absolutely essential. In laboratory animal research, for welfare reasons and to reduce stress, 
it is strongly recommended that cystocentesis should be used only as a last resort when sterile 
urine is absolutely essential, and for qualitative studies ‘free catch’ should be standard practice  
[454]. In domestic cats, UP:C samples collected via manual expression or cystocentesis have 
been demonstrated to be equivalent for diagnostic purposes, and urine collection method does 
not influence UP:C measurement [455]. However, this study demonstrated a statistically 
significant difference in UP:C values due to the effect of sedation and collection method in 
Sumatran tigers (Figure 7.12), although the differences are unlikely to be clinically important.   
Retrospective analysis of historical records across all Australian zoos indicates that voided 
urine has been an under-used resource in the zoo setting. Prior to undertaking this study, all 
Taronga Zoo felids had less urinalysis data available in their clinical records than 
haematological and serum biochemical data. This trend was not isolated to Taronga Zoo, but 
was a pattern observed in all zoos around Australia (Chapter Three). Urinalysis was not 
undertaken as a screening or monitoring tool, but only as follow-up when monitoring a specific 
case associated with urogenital disease, and voided urine was very infrequently collected.  
Multiple sequential urine samples do show characteristic trends and patterns for each 
individual animal. There was consistency over time in an individual animal’s readings, allowing 
reliable inferences to be made. Sequential sampling of voided urine was a very useful, 
convenient, and simple monitoring tool which detected onset of kidney disease in one felid in 
this study as early as 23 months prior to onset of azotaemia and death due to pyelonephritis.  
Monitoring of voided urine provided supportive evidence of adequate renal function in ten of 
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the eleven felids and provided consistent clinical data in conjunction with infrequent blood 
testing and clinical and husbandry observations. 
7.5. Conclusions 
By detecting the onset of CKD in an aged fishing cat, this study demonstrated that there was 
clinical benefit for felids in testing voided urine as an early screening tool for CKD. Voided 
urine in clinically normal felids had a very high USG (mean 1.067 ± 0.008) and were negative 
for microalbuminuria. The UP:C of voided urine in clinically normal African lions (mean 0.0783 
± 0.0498) and Sumatran tigers (mean 0.0786 ± 0.0351) was low, and lipid was common in 
urine from clinically normal Sumatran tigers and African lions. Conversely, high levels of 
proteinuria were a common finding in two clinically healthy snow leopards (mean UP:C 0.493 
± 0.177).  
Sequential sampling revealed that urine parameters were consistent for individual felids, 
allowing reliable inferences to be made over time. Frequent urinalysis of voided urine samples 
was a cheap, simple, and useful tool for monitoring for onset of CKD, allowing detection of 
evidence of impaired urine concentrating ability and UTI. For large predatory felids, sequential 
voided urine collection from night dens is a very useful and simple, non-invasive tool for 
monitoring kidney function.  
This study also demonstrated that the feline-specific microalbuminuria assay detected 
microalbuminuria positive urine specimens from four species of felid and is likely to be useful 
in all felid species because albumin is well-conserved across felid species, however 
specimens collected under GA with medetomidine/ketamine/isoflurane anaesthetics were 
always microalbuminuria positive, which may be due to a confounding effect. 
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Figure 7.12 Collection of urine by cystocentesis from a female Sumatran tiger at 
Taronga Zoo, Sydney  
Chronic Kidney Disease  Thesis  Sydney School of Veterinary Science 
in Australian Zoo Felids  Rachel D’Arcy University of Sydney 
 
261 
Chapter 8 The effect of contact with floor surfaces on urinalysis variables – a 
method validation study  
8.1. Introduction 
The findings of the study presented in Chapter Seven raised questions concerning the effects 
on voided urine of prolonged exposure to air and contact with concrete surfaces and other 
material present there. Urine is an aqueous solution with the soluble waste products of 
metabolism dissolved in it.  
The aim of this study was to measure any changes in the specific gravity and dipstick rapid 
colourimetric biochemical assays of water left pooled on concrete floors of night dens at 
Taronga Zoo, Sydney. It was hypothesised that collecting samples after contact with the 
concrete flooring of the felid night dens would have no demonstrable effect on the test results 
of these samples.  
8.2. Materials and Methods 
Access was gained during routine morning husbandry procedures, after the animals had been 
released into their exhibits for the day, to five night dens used by the lions and tigers at 
Taronga Zoo, Sydney. The floors of all dens were smooth sealed concrete. The water used 
was from the tap and hoses routinely used for cleaning, located in the service corridor adjacent 
to the dens (Figure 8.1), and hose pressure was that of the town water supply. A small amount 
of the tap water used was placed into a clean sterile urine container and tested prior to and 
after all floor tests had been conducted (Table 8.1), using fresh dipstick chemistry test strips 
and a handheld refractometer (Rhino VET 360TS Meter feline specific refractometer, Reichert 
Technologies, Depew, NY, USA). 
The floors were tested before cleaning, after cleaning with cold water at normal hose pressure, 
and also after routine floor cleaning with the detergent/deodorant mix used at Taronga Zoo 
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(Air-Tech PETZ Animal HouseTM and Air-Tech PETZ Neutra-San, Glason® Group, Australia) 
or dousing with a diluted chlorine bleach preparation (sodium hypochlorite 500ppm) and 
hosing clear. 
For floor testing, small pools of water were placed in three separate locations on the uncleaned 
floors of Dens 1, 2, and 3, using the hose. Dens 4 and 5 were cleaned by being hosed out 
with cold water, then three pools of water were left in separate locations on the concrete floors. 
Samples of 2–3 mL of water were collected from the floors of Dens 1–5 using a new sterile 
syringe for each sample, collected according to the time schedule in Table 8.2. Each water 
sample had SG measured by placing 1–2 drops of water onto the prism of the handheld 
refractometer and recording the reading, and for rapid dipstick biochemistry tests by placing 
one drop of water onto each analyte pad of the dipstick for glucose, bilirubin, ketones, blood, 
pH, protein, and urobilinogen, and then reading according to manufacturer’s instructions. 
Sample collection time was recorded as the time from when the water was placed onto the 
floor until the time of collection.  
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Figure 8.1 View of the service corridor, freshly hosed, during routine daily cleaning 
of the felid night dens at Taronga Zoo, Sydney  
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Dens 1–3 were then hosed out with cold water. Dens 1 and 2 were cleaned with Animal 
HouseTM and Neutra-SanTM preparations by Taronga keeper staff according to their routine 
cleaning procedures, by dousing each den floor with the prepared solution of the 
detergent/deodorant mixture, then hosing it clean with water and scraping it with a rubber mop 
to remove excess water. Small pools of water were then placed in three locations in Dens 1 
and 2 and the water testing procedures repeated according to the time schedule in Table 8.2.  
Dens 3 and 4 were cleaned with a diluted bleach solution by Taronga keeper staff according 
to their routine cleaning procedures, by dousing each den floor with the prepared solution of 
diluted bleach, scrubbing briefly with a stiff-bristled broom, then hosing clean with water and 
scraping away excess water with a straight rubber-edged broom. Small pools of water were 
then placed in three locations in Dens 3 and 4 and the water testing procedures repeated 
according to the time schedule in Table 8.2. Routine cleaning of the dens was carried out by 
Taronga staff after the first round of daily tests for this study was completed.  
Statistical analysis was conducted using GraphPad Prism® version 7.00 software. Differences 
between treatments were compared by one-way ANOVA using Sidak’s multiple comparisons 
test. P <0.05 was considered to be statistically significant.  
8.3. Results 
Plain tap water placed into a receptacle and tested before and after the floor tests, had 
a SG of 1.000, pH of 6.5, and produced no reaction on the test strips for glucose, ketones, 
bilirubin, blood, or protein (Table 8.1).  
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Table 8.1 Specific gravity and dipstick biochemical assay results of plain tap water 
from Taronga Zoo felid night dens 
Sample 
collection 
time 
glucose bilirubin ketones 
blood 
(haemolysed) 
pH protein 
urobilin-
ogen 
 SG 
0:05 0 0 0 0 6.5 0 normal 1.000 
0:05 0 0 0 0 6.5 0 normal 1.000 
0:34 0 0 0 0 6.5 0 normal 1.000 
0:34 0 0 0 0 6.5 0 normal 1.000 
 
The SG of water collected off den floors was increased by an average of 0.001 after 15–20 
minutes of contact with the concrete floor of the night dens. Virtually no material entered the 
water from the floor to increase its specific gravity substantially. Leaving water in contact with 
concrete floors for up to 30 minutes did not affect the specific gravity to any clinically significant 
extent (P>0.999).  
The analyte pads for bilirubin, ketones, urobilinogen (data not tabulated) and protein on the 
dipstick biochemistry test strips were non-reactive to the water collected off the concrete 
surface of den floors whether uncleaned, cleaned only with water, cleaned with 
detergent/disinfectant combinations such as Animal House and Neutra-San, or rinsed with 
diluted bleach solution. Contact with den floors and some cleaning agents had an effect on 
three dipstick biochemical analytes, namely, pH, haemolysed blood, and glucose. The pH 
measurements of the liquid collected from the den floors were quite variable, ranging from 5.0 
to 7.5. Cleaning with cold water did not significantly influence the pH of water samples 
collected off the floors, but samples collected from uncleaned den floors and floors cleaned 
with the Animal House/Neutra-San combination had slightly but insignificantly, lowered pH 
(mean pH = 6.1 and 6.2 respectively). Diluted chlorine bleach cleaning had an alkalinising 
effect on water samples, increasing mean pH to 7.3.  
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Table 8.2 Specific gravity and dipstick biochemical assay results of water placed 
onto concrete floors of felid night dens after various cleaning 
procedures 
Den 
No. 
Site 
no.  
in den 
Sample 
collection 
time 
(minutes) 
glucose bilirubin ketones 
blood  
(haemolys
ed) 
pH protein 
specific 
gravity 
Uncleaned dens 
1 1 0:05 0 0 0 1+ 7.0 0 1.000 
1 2 0:05 0 0 0 nil 5.0 0 1.000 
1 3 0:05 0 0 0 trace 5.0 0 1.000 
2 1 0:15 0 0 0 1+ 7.0 0 1.001 
2 2 0:15 0 0 0 4+ 6.5 0 1.000 
2 3 0:15 0 0 0 1+ 6.5 0 1.001 
3 1 0:20 0 0 0 1+ 6.0 0 1.001 
3 2 0:20 0 0 0 1+ 5.0 0 1.001 
3 3 0:20 0 0 0 3+ 7.0 0 1.001 
Cleaned dens - hosed out with cold water only 
4 1 0:25 0 0 0 nil 6.0 0 1.001 
4 2 0:25 0 0 0 trace 6.0 0 1.001 
4 3 0:25 0 0 0 nil 6.5 0 1.001 
5 1 0:30 0 0 0 nil 6.5 0 1.001 
5 2 0:30 0 0 0 trace 7.0 0 1.001 
5 3 0:30 0 0 0 trace 6.5 0 1.001 
          
Cleaned dens - treated with Animal House and Neutra-San dousing, then hosed clear 
1 1 0:15 0 0 0 1+ 7.0 0 1.000 
1 2 0:15 0 0 0 nil 5.0 0 1.000 
1 3 0:15 0 0 0 trace 5.0 0 1.000 
2 1 0:25 0 0 0 1+ 7.0 0 1.001 
2 2 0:25 0 0 0 4+ 6.5 0 1.000 
2 3 0:25 0 0 0 1+ 6.5 0 1.001 
Cleaned dens – treated with diluted chlorine bleach scrubbing, then hosed clear 
3 1 0:15 0 0 0 1+ 7.5 0 1.001 
3 2 0:15 0 0 0 1+ 7.5 0 1.001 
3 3 0:15 2+ 0 0 3+ 7.5 0 1.001 
4 1 0:20 0 0 0 trace 7.5 0 1.001 
4 2 0:20 trace 0 0 3+ 6.5 0 1.001 
4 3 0:20 2+ 0 0 4+ 7.0 0 1.002 
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Contact with concrete flooring, regardless of cleaning method, was significant enough to alter 
the constituents of the water collected from the floor and to trigger a reaction in the analyte 
pad reactive to blood and Hb (P=0.0037). In this study, 81% (22/27) of water samples collected 
off the den floors tested positive on the dipstick test for blood/haemoglobin. Cleaning floors 
with cold water only (P=0.9809) or with the Animal House/Neutra-San cleaner (P=0.0637) did 
not significantly affect the dipstick test results for blood/haemoglobin. However, uncleaned 
floors (P=0.0170) and floors cleaned with chlorine bleach (P=0.0003) had a significant effect 
on the results of dipstick biochemistry tests for blood/haemoglobin.  
There was a significant moderate correlation (ρ=0.4348, P=0.0234) between 
blood/haemoglobin and pH results, as samples with a higher pH (alkaline) also had higher 
values for haemolysed blood. 
Positive reactions for glucose were seen in 50% of dipstick tests after floors had been cleaned 
with bleach. 
8.4. Discussion 
The results of this small study demonstrated that contact with concrete floors has no significant 
effect on the specific gravity of water samples, increasing SG on average by 0.001, which 
would be clinically irrelevant, and supported the hypothesis that contact with concrete flooring 
has no effect on sample results for specific gravity. This study also demonstrated that floor 
cleaning had no effect on the dipstick biochemical test for protein. This finding was of clinical 
relevance as many voided urine samples in the study presented in Chapter Seven were 
proteinuric, and there was a question as to whether voided samples might have their protein 
levels altered by contact with concrete surfaces. 
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Interestingly, 81% of water samples collected from night den floors tested positive for 
blood/haemoglobin. The results of this study demonstrate that positive results for 
blood/haemoglobin on dipstick tests from samples collected from concrete floors may be 
artefactual. This finding is supported by the data presented in Chapter Seven whereby 27% 
of voided were found to be positive for haemolysed blood by dipstick testing, although there 
was no clinical evidence of haematuria and frequently no RBC were seen on sediment 
examination. 
Positive readings for blood/haemoglobin varied according to the treatment each floor received 
before sample collection. Uncleaned den floors could realistically be expected to have 
remnants of raw meat meals, or other material from the animal, still on the floor. Haemoglobin 
or myoglobin from raw meat could be an explanation for the low positive results seen from 
water samples collected off uncleaned floors. The strongest positive results for haemoglobin 
were detected from floors cleaned with bleach. The strong 3+ and 4+ reactions seen from 
these samples could be due to basic chemistry. The analyte pad for blood/haemoglobin in the 
dipstick colourimetric assay relies on a peroxidase reaction, which could be triggered by the 
oxidative properties of bleach.  
Similarly, floors cleaned with bleach demonstrated the potential to cause a chemical reaction 
with the analyte pad for glucose, resulting in spurious positive readings in 50% of tests.  
8.5. Conclusions 
Recommendations for den husbandry cleaning procedures during periods of voided urine 
sample collection are as simple and practical as washing den floors with cold water only and 
avoiding the use of bleach or other detergents to clean the floors in the days prior to sample 
collection. This may reduce the incidence of false positive readings for haemoglobin or glucose 
in urine dipstick biochemistry reagent strips.   
Chronic Kidney Disease  Thesis  Sydney School of Veterinary Science 
in Australian Zoo Felids  Rachel D’Arcy University of Sydney 
 
269 
Chapter 9 Generation of study-specific reference intervals for three analytes used 
in the diagnosis of chronic kidney disease in non-domestic felids  
9.1.  Introduction 
Exploration of the clinical signs and disease progression of CKD in zoo felids (Chapters Three 
and Four) demonstrated that there are no formal guidelines in zoo medicine equivalent to the 
IRIS staging guidelines for CKD in domestic cats or the NHMRC guidelines for diagnosis of 
kidney disease in human patients in Australia. Chronic kidney disease is a highly prevalent 
disease in zoo felids, but it is often detected only in advanced stages. Stated another way, by 
the time CKD is diagnosed (based on the ZIMS species-specific RIs for creatinine) the disease 
is well advanced and then typically progresses rapidly, resulting in a short time interval from 
detection of azotaemia to death.  
This raised the possibility that the upper limits for the ZIMS species-specific reference intervals 
for zoo felids were too high to facilitate early diagnosis of CKD in zoo felids. This study is 
designed to generate a set of internal study-specific RIs from the retrospective data set 
compiled from 50 years of serum biochemical records across 17 different felid species, with 
known disease outcomes for each individual animal, and then to compare these internal study-
specific RI with those published by the Zoological Information Management System 
(Species360, San Diego, USA).  
To make an accurate diagnosis of any disease state, the RI for comparison must be from a 
reference group of healthy individuals of defined age. The ZIMS database compiles RI for a 
huge variety of species, based on input from its various member organisations, with the 
inclusion criterion that the animal was healthy at the time of blood collection. The RI for 
creatinine, urea, and phosphate are not specifically generated with testing for CKD in mind.  
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9.2. Methods 
All reports containing serum creatinine, urea, and phosphate concentration data were 
extracted from the Biochemistry Reports section of the Access database (Chapter Two). To 
produce a data set representing only felids confirmed to be without CKD, the reports were 
filtered to exclude results associated with confirmed CRI or CKD, defined by: elevated 
creatinine or urea concentrations (according to ZIMS species-specific RI), clinical signs, and/or 
USG <1.035 (Section 2.2.3.3). The data set was sub-divided according to species into the 
following categories: i) all felid species combined; ii) all lion subspecies combined; iii) all tiger 
sub-species combined; iv) all cheetahs; and v) all other species combined (i.e. felids excluding 
lions, tigers, and cheetahs). They were also sorted by age: i) all ages, i.e. 0–20 years; ii) less 
than 3 years; and iii) 3–10 years inclusive. A subset of data for cheetahs between 3 and 6 
years old was also calculated, as cheetahs have a shorter life-expectancy than the 
Pantherinae. The ‘All other species’ category consisted of felids of body weight ranging from 
6.8 to 68 kg.  
Data was exported to GraphPad Prism® version 7.00. Tukey’s outlier detection method was 
applied and outliers removed. Descriptive statistics were calculated and each subset of data 
was presented graphically with individual values for creatinine, urea, and phosphate plotted 
against age at time of sample collection. Trend lines were applied graphically using non-linear 
regression with a least square (ordinary) fitting method. Reference intervals were calculated 
by two methods, taking into account the American Society of Veterinary Clinical Pathology 
(ASVCP) guidelines [291]: i) mean ± 2 standard deviations; and ii) 95% of values captured 
between the upper and lower 2.5% and 97.5% percentiles. Percentage differences between 
the upper limit of the ZIMS RI and the study-specific RI were calculated as:  
[(upper limit ZIMS RI - upper limit study-specific RI)/ upper limit ZIMS RI] x 100. 
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9.3. Results  
The database contained records of 1,658 blood tests, of which 284 records were excluded 
because the felids had clinical and/or clinicopathological evidence of CKD at the time of blood 
collection. Of the 1,374 records without evidence of CKD at the time of venepuncture, only 
1,145 reports had all three measurements available (i.e. serum concentrations of creatinine, 
urea, and phosphate). Pruning the records to remove very old animals (i.e. >20 years) 
removed a further 21 records (age range 20.25–32.01 years) to create a data set of 1,124 
records from 276 felids (149 male, 127 female) across 17 felid species. The results are 
presented graphically in Figures 9.1 to 9.5 a) – d).  There were 231 blood test results from 
lions, of which 113 results were from lions between 3 and 10 years of age. There were 280 
blood test results from cheetahs, of which 74 results were from cheetahs between 3 and 6 
years of age. There were 235 blood test results from tigers, of which 116 results were from 
tigers between 3 and 10 years of age.  
The graphs demonstrate that selecting blood values in the age range from 3 to 10 years results 
in a homogenous data set suitable for creation of a reference interval for normal adult animals. 
The frequency distribution of blood analyte values was normally distributed within these RIs 
and is presented graphically in histograms in Figures 9.6 a) to c).  
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Figure 9.1 a) to c) Individual values for serum creatinine, urea, and phosphate concentrations plotted against age,  
for all felids combined  
All results were from felids deemed to be clinically normal. The solid red line indicates trend line /line of best fit (non-linear regression). 
 
 
Chronic Kidney Disease  Thesis  Sydney School of Veterinary Science 
in Australian Zoo Felids Rachel D’Arcy  University of Sydney 
273 
0 5 1 0 1 5 2 0
0
1
2
3
4
1 0
2 0
3 0
1 0 0
2 0 0
3 0 0
4 0 0
A ll l io n  s p e c ie s  c o m b in e d
A g e  a t s a m p le  c o lle c t io n  (y e a rs )
  
  
  
 P
h
o
s
p
h
a
te
 (
m
m
o
l/
L
) 
  
  
  
  
  
  
  
  
  
  
  
 U
r
e
a
 (
m
m
o
l/
L
) 
  
  
  
  
  
  
  
  
  
  
  
C
r
e
a
ti
n
in
e
 (
u
m
o
l/
L
)
0 1 2 3
0
1
2
3
4
1 0
2 0
3 0
1 0 0
2 0 0
3 0 0
4 0 0
A ll l io n  s p e c ie s  c o m b in e d  (0  to  < 3  y e a rs  o f  a g e )
A g e  a t s a m p le  c o lle c t io n  (y e a rs )
  
  
  
 P
h
o
s
p
h
a
te
 (
m
m
o
l/
L
) 
  
  
  
  
  
  
  
  
  
  
  
 U
r
e
a
 (
m
m
o
l/
L
) 
  
  
  
  
  
  
  
  
  
  
  
C
r
e
a
ti
n
in
e
 (
u
m
o
l/
L
)
3 4 5 6 7 8 9 1 0 1 1
0
1
2
3
4
1 0
2 0
3 0
1 0 0
2 0 0
3 0 0
4 0 0
A ll l io n  s p e c ie s  c o m b in e d  3 -1 0  y e a rs  o f  a g e
A g e  a t s a m p le  c o lle c t io n  (y e a rs )
U re a  (m m o l/L )
C re a t in in e  (u m o l/L )
P h o s p h a te  (m m o l/L )
  
  
  
 P
h
o
s
p
h
a
te
 (
m
m
o
l/
L
) 
  
  
  
  
  
  
  
  
  
  
  
 U
r
e
a
 (
m
m
o
l/
L
) 
  
  
  
  
  
  
  
  
  
  
  
C
r
e
a
ti
n
in
e
 (
u
m
o
l/
L
)
145
320
149
316
57
352
6 .4
7 .8
2 0 .8
2 .3
1 .03
2 .37
1 .27
2 .88
 
Figure 9.2 a) to c) Individual values for serum creatinine, urea, and phosphate concentrations plotted against age,  
for all lion sub-species combined  
All results were from lions deemed to be clinically normal. The solid red line indicates trend line /line of best fit (non-linear regression). Upper and lower solid black lines represent mean ± 
2SD, dotted black lines represent the central 95% of values, and blue dot-dash lines represent ZIMS RI for comparison.  
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Figure 9.3 a) to c) Individual values for serum creatinine, urea, and phosphate concentrations plotted against age,  
for all tiger sub-species combined  
All results were from tigers deemed to be clinically normal. The solid red line indicates trend line /line of best fit (non-linear regression). Upper and lower solid black lines represent mean ± 
2SD, dotted black lines represent the central 95% of values, and blue dot-dash lines represent ZIMS RI for comparison.  
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Figure 9.4 a) to c) Individual values for serum creatinine, urea, and phosphate concentrations plotted against age for all cheetahs.  
An additional group was created for all cheetahs of 3-6 years, as cheetahs have a significantly shorter life span compared to the Pantherinae All results were from tigers deemed to be 
clinically normal. The solid red line indicates trend line /line of best fit (non-linear regression). Upper and lower solid black lines represent mean ± 2SD, dotted black lines represent the 
central 95% of values, and blue dot-dash lines represent ZIMS RI for comparison.  
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Figure 9.5 a) to c) Individual values for serum creatinine, urea, and phosphate concentrations plotted against age  
for all other felid species combined 
All results were from felids deemed to be clinically normal. The solid red line indicates trend line /line of best fit (non-linear regression). No upper or lower limits for reference intervals are 
provided as each felid species has a different range of values (see Appendix 2).  
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For creatinine, both study-specific RIs calculated were consistently lower (by 7–23%) than the 
published ZIMS RI and, for the three main species, were in the order of 9–23% lower for lions, 
11–16% lower for tigers, and 7–10% lower for cheetahs (Table 9.1).  
For urea, both study-specific RIs calculated were consistent with the published ZIMS RI (within 
a tolerance of ±5%), exhibiting differences compared to the ZIMS RIs of: -3 to +5% for lions; -
1 to +4% for tigers; and 4 to 5% for cheetahs.  
The study-specific RIs generated were up to 30% lower than the published ZIMS RI for 
phosphate concentrations. Study-specific RIs for serum phosphate concentration were 18–
20% lower for lions, 29–30% lower for tigers, and between 14% lower and 1% higher for 
cheetahs. 
Table 9.1 Study-specific reference intervals generated for three serum analytes 
(creatinine, urea and phosphate concentrations) for lions, tigers and 
cheetahs 
 STUDY-SPECIFIC REFERENCE INTERVALS 
ZIMS  
Reference 
Interval 
Serum Analyte and 
Species 
Mean ± 2 SD 
 
Percentage 
difference 
from ZIMS RI 
95% interval 
(2.5–97.5%) 
Percentage 
difference from 
ZIMS RI 
CREATININE (µmol/L)      
Lion 145 – 320 -9 % 149 – 316 -10% 57 – 352 
Tiger 122 – 331 -11 % 114 – 311 -16 % 55 – 370 
Cheetah* 127 – 299 -10 % 140 – 310 -7 % 90 – 334 
UREA (mmol/L)      
Lion 6.4 – 19-4 +5 % 7.8 – 20.8 -3 % 6.9 – 20.2 
Tiger 7.8 – 18.1 -1 % 7.0 – 19.0 +4 % 5.7 – 18.3 
Cheetah* 7.4 – 21.8 +5 % 5.9 – 21.6 +4 % 8.3 – 20.8 
PHOSPHATE (mmol/L)      
Lion 1.10 – 2.30 -20 % 1.03 – 2.37 -18 % 1.27 – 2.88 
Tiger 1.17 – 2.17 -29 % 1.10 – 2.13 -30 % 1.19 – 3.04 
Cheetah* 0.97 – 2.93 -14 % 1.16 – 3.44 +1 % 1.17 – 3.42 
* Cheetah RI was calculated on serum values in cheetahs 3–6 years of age inclusive, whereas the other two species  
used 3–10 years of age. Sample sizes for each species of felid were: lion (n=113), tiger (n=116) and cheetah (n=76).  
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Figures 9.6  a) to c) Frequency distribution of measurements of three serum analytes, 
creatinine, urea, and phosphate for non-domestic felids between 3 and 10 
years of age  
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9.4. Discussion  
While this study has produced study-specific reference intervals based on the felid population 
in ten Australian zoos, it made no attempt to establish these RI as decision limits for diagnosis 
of CKD for use in earlier chapters. The study-specific RIs generated demonstrate that the 
species-specific RI currently used by zoos, as extracted from ZIMS, are likely to be too wide 
to pinpoint critical diagnostic cut-offs for CKD, such as creatinine and urea concentrations. 
Creatinine testing is recognised as being relatively insensitive to changes in GFR in the early 
stages of CKD [126], and its excessively wide RI also makes early detection of CKD harder 
for zoo veterinarians, especially when USG is not taken into account.  
There are no published studies outlining the changes that occur in serum creatinine 
concentrations over time in neonatal and growing non-domestic felids, although the results of 
this study were consistent with findings in other species, such as the pig and domestic dog  
[456, 457]. Creatinine concentration in serum is a reflection of skeletal muscle mass, and 
smaller-framed animals have a lower lean body mass and therefore lower blood levels of the 
metabolite of creatine kinase. The serum concentrations of creatinine increase over time as 
the animal grows, plateauing when the animal reaches its mature body size, and it was evident 
from all graphs that creatinine concentrations rise from birth onwards, reaching a plateau by 
approximately three years of age, presumably reflecting attainment of maturity and 
development of maximal skeletal muscle mass. Similarly, serum phosphate levels are high in 
neonatal felids and decline with increasing age to reach a plateau at approximately three years 
of age, as the skeleton matures and bone remodelling slows. Serum urea concentrations were 
not affected by age.  
These trends have implications for the age at which data for animals should be included in the 
ZIMS database. Inclusion of blood test results from normal growing animals under three years 
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of age to create RIs could result in inclusion of spuriously high (for phosphate) or spuriously 
low (for creatinine) values.  
There was no influence of age on serum urea concentrations, therefore this analyte may act 
as a good benchmark for GFR, although urea levels can be influenced by GIT haemorrhage.  
Using only animals greater than three years of age would appear to be prudent when 
generating RI. Compared to the study-specific internal RIs generated for this Australian data 
set, it appears that the ZIMS RIs are consistently slightly higher for the most populous species 
of felids kept in Australian zoos, namely, lions, tigers and cheetahs.  
The group of other felids combined had similar RI to domestic cats, although no inference is 
made regarding RIs for the different species combined in the study. The bodyweight range of 
species in this group was large and is only presented for interest purposes. It is accepted in 
zoo medicine that generating RIs for a variety of exotic species in one laboratory using only 
assay methodology is neither practical nor helpful. Transfer of RIs for analytes such as urea, 
creatinine, electrolytes, and phosphate is more acceptable, as methods of analysis are similar 
across laboratories and output is standardised and validated.  
The reference groups created in this study were divided according to species, Panthera leo, 
Panthera tigris, Acinoynx jubatus, and all other Felidae combined. The age criteria were 
selected to ensure they were all at full mature body size and still of reproductively active age 
(i.e. less than 11 years of age), however no partitioning by sex was made. 
The Global Species Reference Intervals from ZIMS are generated from at least 40 test results 
obtained from healthy animals, with data grouped at the species level. These ZIMS RI 
encompass the central 95% of values from a healthy reference population, with outliers 
identified and removed, however it is recognised that the resulting RI is wider than the true 
population variation, which slightly reduces the diagnostic value of that specific RI [168].  
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The following statement from the Species 360 Global Medical Resource: Expected Test 
Results website [458] describes the dilemmas of creating RIs in zoo medicine clearly: 
“Species360 recognises the potential problems associated with calculating 
reference intervals from results obtained from multiple sources. Member 
institutions use different methods to collect and handle blood samples and different 
laboratories to process the samples, all of which can impact the range of values 
obtained. However, even within human medicine it has been recognised that there 
are situations (e.g. neonatal medicine) where it is not feasible to obtain enough 
results within a single laboratory to allow calculation of a reference interval and 
aggregating results from across multiple facilities is required. Zoo medicine faces 
similar issues – small populations within an institution limit the number of samples 
that can be obtained, restraint considerations in some species limit the frequency 
of sampling and financial considerations may limit the routine analysis of samples 
from healthy animals. For many species in most institutions, acquiring the minimum 
40 test results from healthy animals needed to calculate a valid reference interval 
can take decades. When locally calculated expected results are not available, 
calculating reference intervals using a global data set is a reasonable alternative. 
Clinicians need to be aware of the limitations of global expected results, but 
ultimately, a global reference interval is still vastly more useful as a diagnostic 
criterion than either comparing results to a reference interval from a different 
species or having no information at all. This ZIMS global expected results resource 
is both a unique and an invaluable basis for the assessment of diagnostic test 
results.” 
It is one of the limitations of the study-specific RI generated in this chapter, that there was no 
capacity to account for diet, time of blood collection (i.e. fasted vs. post-prandial), level of 
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excitement, body condition, medications, season of the year [138], or for sample handling 
methods. However, it is very rarely possible to collect blood samples from conscious zoo 
felids, and because collection must be done under general anaesthesia with nil per os before 
sedation, most samples are collected in the fasted state. Wider RI for any test parameter are 
expected when sampling a population of various ages, sex or health status. 
The data had RI calculated by two methods – mean ± 2SD, and 95% interval [202]. Each 
group had adequate sample numbers, usually, as specified, as over 120 [138]. The distribution 
of values was normal, therefore both methods of RI calculation were considered to be valid, 
and the differences in the upper threshold of the RI were considered unlikely to be of critical 
significance in ruling CKD in or out.  
9.5. Conclusions 
The findings of this study support the conclusions of earlier chapters that the existing ZIMS RI 
for creatinine concentration used to predict the onset of CKD is likely to be erroneously high, 
thereby reducing the sensitivity of the upper threshold for defining the onset of CKD. The 
recommendation based on this information is that a grading system for the species most 
commonly affected by CKD, i.e. cheetahs and tigers, be developed, based on prospective 
monitoring of key blood analytes over time (i.e. creatinine, urea and phosphate) to create a 
species-specific staging system equivalent to the IRIS guidelines for cats and dogs.  
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Chapter 10 Summary of findings and future directions 
This thesis contains nine chapters which greatly extend our understanding of the clinical signs, 
disease progression, frequency of disease burden, aetiopathogenesis, and risk factors 
associated with CKD in non-domestic felids in Australian zoos. It further suggests several 
simple and practical diagnostic methods for detecting and monitoring the onset of CKD.  
Chapter One of this thesis is a literature review examining the causes of mortality in both free-
ranging and captive non-domestic felids, focussing on detailed investigations of CKD in 
captive Felidae more specifically. The literature review demonstrates a preponderance of 
retrospective studies in felid zoo medicine compared to the greater number of prospective 
studies of CKD in the domestic cat, reflecting the logistical difficulties of conducting 
prospective studies in non-domestic felids in a timely manner with adequate sample sizes to 
gather sufficient data for publication. This chapter also critically reviews currently available 
ante-mortem diagnostic biomarkers for CKD and their relative insensitivity for the early 
detection of pathological kidney changes.  
Chapter Two presents the first Australian nation-wide survey of diseases affecting Felidae, 
generated and compiled from a wide cross-section of zoos (ten institutions) housing a 
representative number of non-domestic felids in disparate locations around Australia. Based 
on 2012 felid census data, this survey is estimated to have captured approximately 90% of 
non-domestic felids housed in Australia over five decades. The assimilated lifetime clinical 
records of over 1,000 felids provides baseline data on key indices such as mortality rates due 
to: disease categorised by major organ system (e.g. neurological, cardiorespiratory, 
gastrointestinal, endocrine, and renal); pathological processes (e.g. neoplasia, infection, 
senescence/old age); or misadventure. The survey supported the first hypothesis of this thesis 
and demonstrated that CKD is a significant, but under-recognised, cause of mortality and 
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morbidity in felids in Australian zoos. The findings presented in this thesis are consistent with 
results from previous international studies, and they reflect the relatively consistent rate of 
neonatal felid mortalities in zoos globally. 
Chapter Three then examines the prevalence, species predispositions, clinical signs, 
clinicopathological findings, longitudinal progression and co-morbid diseases associated with 
CKD. Amongst non-domestic felids held in Australian zoos, the prevalence of CKD as a cause 
of death was 7.1% overall, and 31% amongst only adult felids. This thesis is the first to report 
the strikingly high prevalence of CKD as a cause of death in adult Bengal tigers (55%), 
Sumatran tigers (75%), Asiatic lions (50%), fishing cats (38%), and caracals (30%) and it 
provides further evidence of a high incidence of CKD in cheetahs (56%) in Australia, a finding 
already reported for cheetahs globally. Conversely, African lions, ocelots, Asian golden cats, 
servals, jaguars, and all species of leopard had a low reported prevalence of CKD. However, 
for those species with only small sample sizes, trends must be interpreted cautiously, and 
further research into species predisposition to CKD beyond Australian borders is warranted. 
This thesis therefore emphasises the importance of CKD as a disease process affecting 
virtually all species of non-domestic felids maintained in zoos, but not with equal frequency.  
This study also categorises and describes the spectrum of clinical signs commonly seen in 
zoo felids, with lethargy and inappetence being the most commonly observed, but non-specific 
clinical signs of CKD. Polydipsia but not polyuria was commonly reported, as was weight loss, 
followed by ataxia and dehydration. Vomiting was infrequently reported. This study highlights 
differences between the spectrum of clinical signs observed in captive non-domestic felids 
and those observed commonly in species seen in veterinary companion animal practice, 
especially the domestic cat, meaning that extrapolations from Felis catus can be better placed 
in context for the zoo environment. 
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This chapter also demonstrates that the haematological and serum biochemical parameters 
observed in non-domestic felids with CKD do not exactly mirror those seen in domestic cats, 
and therefore, contrary to our hypothesis, the benchmarks and staging provided by the 
International Renal Interest Society (IRIS) in relation to domestic cats are not appropriate for 
the diagnosis and management of CKD in non-domestic felids. The benchmarks for creatinine 
are species-specific to Felis catus, and no equivalent staging for progression of CKD in non-
domestic felids has yet been developed. This thesis can provide a starting point for future 
research to develop staging guidelines for progression of CKD in non-domestic felids. Sub-
staging, as per IRIS guidelines, by blood pressure monitoring presents logistical difficulties in 
non-domestic felids, as conscious blood pressure measurement is practically impossible, and 
this thesis presents evidence that proteinuria was infrequently detected.  
The longitudinal changes observed in serum creatinine and urea concentrations and USG, 
demonstrate that CKD is a covert and insidious disease in captive non-domestic felids, and 
future research to validate more sensitive diagnostic markers in non-domestic felids that can 
detect the disease in its earlier stages would be of great benefit to management of this 
prevalent condition.  
This thesis investigated aspects of aetiopathogenesis of CKD in non-domestic felids, and 
Chapters Four and Five demonstrate that antecedent bacterial infections of the genitourinary 
tract, such as UTI or pyometra, were a significant risk factor for the development of CKD. This 
somewhat challenges the dogma for domestic species that UTIs are consequent to loss of 
urine concentrating ability [207, 397-399, 402, 459, 460], because in this study the presence 
of UTI or pyometra was identified prior to diagnosis of onset of loss of urinary concentrating 
ability. The associations between UTI and consequent CKD provide compelling evidence to 
recommend regular monitoring of urine for bacterial infections, initially by urinalysis of voided 
urine samples collected from clean surfaces or trays (most zoo felids being consistent in their 
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urination habits), with follow-up investigation of abnormal urinalysis findings (e.g. by 
cystocentesis with culture and susceptibility testing). Similarly, the associations between 
hormonal implants for contraception, subsequent pyometra and increased risk of CKD support 
recommendations for an alteration to the current treatment protocols for pyometra. Currently, 
surgery is considered curative and only short courses of antibiotics are prescribed, but no 
consideration has been given to the long-term consequences of pyometra, which may result 
in contamination of the urethra at the level of the vaginal vestibule, with infection ascending 
retrograde to the bladder and kidney. Recognition of the increased risk of CKD subsequent to 
UTI or pyometra affords zoo veterinarians the opportunity to act pre-emptively, since bacterial 
infections are eminently treatable, by more assiduously treating bacterial UTIs with oral 
antibiotics administered either as longer courses, or using longer-acting parenteral agents 
such as cefovecin. Further studies to explore the links identified between UTI, pyometra, AKI, 
and CKD are warranted, in prospective longitudinal studies following felids diagnosed and 
treated for these conditions and monitored for the onset of CKD.  
Chapter Six presented histopathological examination of a representative sample of felid 
kidney tissues, demonstrating that tubulointerstitial nephritis (TIN) was the most common 
lesion seen in felids with CKD in this study, supporting our hypothesis that histopathological 
changes would be similar to those described in Felis catus. This study demonstrates that the 
severity of microscopic lesions correlated with the severity of CKD during life. Ante-mortem 
clinical signs, such as loss of urine concentrating ability, were strongly correlated with post-
mortem histopathological changes reflecting tubulointerstitial disease, which supported 
findings in other chapters that loss of urine concentrating ability is a sensitive and specific test 
for early diagnosis of CKD onset. Membranous glomerulopathy was the earliest change 
observed in kidney sections, and was also present in felids which did not present clinically with 
CKD, possibly attributable to ageing. Several aetiological agents were identified associated 
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with death due to CKD, such as pyelonephritis due to bacterial infection from prior UTIs or 
pyometra, neoplasia and RPN associated with NSAID administration was observed in one 
case. Medical treatments such as extended courses of appropriate antimicrobials and 
management strategies such as minimising NSAID administration during prolonged 
anaesthetic procedures could reduce potential renal toxicity, but as hypothesised,  in 29% of 
cases that were histologically reviewed, an aetiological agent(s) responsible for the 
development of CKD was not identified, a situation similar to that in domestic cats.  
The histological review of kidney tissue sections undertaken in this thesis would benefit from 
application of additional immunostaining techniques, such as IgG immunofluorescence to 
identify immune-mediated glomerular basement membrane disease. Fluorescent in situ 
hybridisation (FISH) studies using DNA probes and protein markers, would allowing further 
genetic insights into possible aetiologies of CKD. A prospective study in co-operation with 
zoos which collects not only formalin-preserved tissue sections, but also cryo-preserved non-
formalinised tissue samples at necropsy, for ultrastructural studies using transmission electron 
microscopy (TEM) to investigate the nature and location of deposits such as immunoglobulins 
and components indicative of immune-mediated disease, might also add to our understanding 
of aetiological processes, particularly for glomerular disease. Taken together, Chapters Three 
to Six highlight the covert nature of CKD onset in zoo felids, and identified that ante-mortem 
events such as prolonged recovery from general anaesthesia, or infections of the urogenital 
tract were associated with characteristic histopathological changes seen at necropsy 
examination.  
In Chapter Seven, a three-year prospective longitudinal study demonstrates that non-domestic 
felids in Australian zoos concentrate their urine to a remarkable degree. This prospective study 
evaluates the utility of urinalysis of voided urine, and demonstrates that voided urine was an 
extremely useful sample in the zoo context, requiring no human-felid contact, for monitoring 
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urine concentrating ability and hence kidney function. Urinary tract infections could generally 
be identified and distinguished from background environmental contamination of voided urine 
samples. In combination with retrospective data from 215 felids (Chapter Three), it also 
demonstrated that the adjunctive assessments of proteinuria by urinary protein to creatinine 
ratio (UP:C) with UP:C>0.4 as a threshold for proteinuria were infrequently used in non-
domestic felids housed in Australian zoos, due to practical constraints, and that proteinuria is 
not a common sequalae of CKD in non-domestic felids. However, proteinuria may be a 
physiological finding in the snow leopard (Uncia uncia) – an area in need of further research 
and clarification. Urine is a valuable diagnostic sample in zoo felids.  
One of the most striking conclusions of this thesis is that voided urine is an under-used 
diagnostic sample in zoo medicine despite its power in showing changes in urine concentration 
over time. This was surprising, given that GA of zoo felids for the purpose of health 
examination and sampling, including venepuncture and cystocentesis, is time-consuming and 
labour-intensive. This study demonstrates the value of voided urine as a diagnostic sample 
and goes some way toward removing its undeserved stigma as an inferior diagnostic 
specimen. Likewise, in laboratory animal studies, voided samples are considered the 
accepted standard for urine collection method, unless sterile samples are an absolute 
requirement.  Chapter Seven demonstrated that voided urine samples are frequently 
available, easy to collect, and cost effective, due to the reliable urination habits of most felids 
in zoo environments. Prospective studies using voided urine collection in additional zoos, 
quantification of USG values from overtly healthy felids of additional species, and longitudinal 
monitoring of older felids at risk of imminent CKD at other Australian zoos (compared to the 
relatively young and healthy felid population currently at Taronga Zoo, Sydney) would be very 
informative, to refine threshold values for normal concentrating ability under different 
conditions, such as variable geographical locations and climates.  
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Calculation, from a retrospective data set, of the ROC curve for USG as a single clinical 
measurement demonstrated that as a ‘rule-in’ test USG ≤1.030 had specificity greater than 
90% for a positive prognostic indicator of CKD as a cause of mortality, and future research to 
confirm i) a threshold for adequately concentrated urine in non-domestic felids, and ii) the 
validity of USG ≤1.030 as a prognostic indicator of onset of CKD would be valuable. 
The small study using tap water on the concrete surfaces of felid night dens in Chapter Eight 
provided insights into the enigmatic observation of a high incidence of haemolysed blood 
reading on rapid dipstick biochemistry tests, and demonstrated that further studies to clarify 
the effects on voided urine of prolonged contact with concrete surfaces and drying are 
warranted.   
There are almost no peer-reviewed, evidence-based reported studies on the efficacy of any 
treatment for CKD in non-domestic felids. Future prospective case-controlled feeding trials are 
required to assess the benefit of protein-restricted and/or phosphate-controlled diets in felids 
with CKD to alleviate clinical signs or prolong quality of life, as are further studies to determine 
any potential benefits of oral phosphate binder therapy, particularly in species at high risk of 
CKD, such as tigers and cheetahs. It is also necessary to determine if secondary 
complications seen commonly in domestic cats also present in non-domestic felids. Recently, 
a published case study of one North Chinese leopard (Panthera pardus japonensis) and one 
snow leopard (Uncia uncia) reported the occurrence of systemic hypertension associated with 
CKD [335], demonstrating that systemic hypertension may be a complication of CKD in non-
domestic felids, just as it is in domestic cats. If this is so, treatments for hypertension in affected 
felids using calcium channel blockers, ARBs, or ACE inhibitors are applicable, as hypertension 
is an independent risk factor for progression of CKD and it perpetuates kidney injury, thereby 
worsening CKD. Similarly, new therapies with anti-fibrotic agents such as beraprost sodium, 
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a prostacyclin analogue, offer hope for improving quality and quantity of life for all felids with 
CKD  [190, 380, 461].  
There is a definite need to characterise the pharmacokinetics (PK) and pharmacodynamics 
(PD) of important pharmacological agents such as antibiotics in large felids, as there is 
evidence that allometric scaling of dose rates for other classes of drugs, such as sedative 
agents, is ineffective or unreliable as extrapolated from domestic cats [462]. However, the 
logistics of the frequent specimen collections required for PK/PD studies preclude them being 
conducted in large felids at this stage, as multiple sequential venepunctures are procedures 
that will not be tolerated by conscious and alert large felids.  
The findings of Chapter Nine concerning the globally available RI for serum creatinine, urea, 
and phosphate concentrations published by ZIMS, as compared to the narrower RIs generated 
for lions, tigers, and cheetahs in this study, could lead research in two directions: i) improving 
the algorithm and inclusion criteria which ZIMS uses to generate the RI; or ii) using a given 
animal as its own comparator, i.e. using data collected from the individual while healthy as its 
own baseline for comparison in later life. Stated another way, haematological and serum 
biochemical measurements made in mature adult felids up until six to ten years of age (as 
long as the animal has been outwardly healthy), can act as a baseline from which to determine 
if given analytes have reached abnormal levels later in life. Chapter Nine goes some way 
towards improving and defining the thresholds that may be applied to determine a diagnosis 
of CKD in three species of felid, namely African lions, tigers and cheetahs, and strongly 
supports future research to develop improved diagnostic thresholds that will allow earlier 
detection and diagnosis of CKD in non-domestic felids, equivalent to IRIS stages I and II in 
domestic cats. Earlier diagnosis will facilitate implementation of treatment and management 
strategies that may prolong the animal’s quality of life, or provide greater surety to quality of 
life assessments as felids approach the end of their life.  
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It is extremely important to continue to support and recognise the valuable archival processes 
for clinical records, laboratory and necropsy reports, and storage of tissue and serum 
specimens at the major zoological institutions. As of 2018, more zoos are adopting the ZIMS 
record keeping system. When this study started in 2012, not every enrolled zoo or institution 
was consistently using the system, and even at the time of locking the database in 2015, 
information retrieval from the ZIMS system was not able to be downloaded as translatable files 
such as .csv or .xlxs files, but only as read-only pdfs. Therefore, while the ZIMS database is a 
powerful and unique resource, in future iterations of this platform the ability to perform 
searches and export data in different formats would significantly enhance its power.  
Due to the persistent requirement to excrete high quantities of nitrogenous waste, it appears 
that highly concentrated urine and the possible development of CKD in later life may be the 
price which felids pay for hypercarnivory, an ecological niche to which they have been confined 
genetically via reductive evolution. Highly conserved gene regions related to protein 
metabolism, presumably because of their strict diet, were discovered in genomes at the 
Felidae family level. Also, Felidae family genomes exhibited low levels of genetic diversity 
associated with decreased population sizes, suggesting that they are increasingly vulnerable 
to further population loss, and warranting their critical conservation status [463]. Synteny 
mapping indicates that tiger and domestic cat genomes show similar composition and similar 
appreciably conserved blocks of genetic material. Comparisons of genomic data in specimens 
from lion, tiger, and snow leopard have demonstrated phenotypic differences in these closely 
related, but distinct, species [464]. The highly disparate frequency of CKD seen in lions and 
in tigers is of great interest and warrants further investigation. Lions (Panthera leo) and tigers 
(Panthera tigris) are similar morphologically, and similar enough genetically, to allow sterile 
F1 offspring (i.e. ligers) to survive. Because their management within and between all zoos in 
Australia is very similar, investigations into differences in aetiologies of CKD between the two 
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species may provide some unique insights into pathophysiological mechanisms that 
underlying the development of CKD. 
It appears there is minimal evolutionary pressure against CKD, as it is a disease process 
emerging in late middle age and therefore does not impinge on an animal’s reproductive 
fitness. Further studies to determine genetic variance estimates for the species most prone to 
CKD within captive populations, and to determine the effect of the numbers of founders and 
of population dynamics (e.g. bottlenecks) would provide valuable insights into the proportional  
contributions of intrinsic factors such as genetics, versus extrinsic factors such as different 
management scenarios, to CKD onset in the captive populations of zoo felids in Australian 
zoos.  
Cheetahs are still listed as vulnerable in the wild and their genetic homogeneity has been 
demonstrated consistently [43]. This thesis is the first to demonstrate the high prevalence of 
CKD in Sumatran and Bengal tigers, which may have an heritable component given the close 
genetic relationships within four generations of Sumatran tigers within Australian zoos [55]. 
Cheetahs and the Iberian lynx are some of the few species to have a high incidence of CKD 
reported in the literature, and both the Iberian lynx and cheetah populations suffer from a loss 
of genetic diversity due to ‘bottlenecks’ caused by diminution to small population numbers. For 
Sumatran and Bengal tigers in Australia, loss of genetic heterogeneity due to a limited number 
of founders may be associated with higher rates of CKD, but the mechanisms involved have 
not yet been determined. 
Relatively simple techniques such as construction of pedigree trees or studbook analysis 
involving calculation of inbreeding coefficients and mean kinship values of CKD-affected 
individuals could provide additional information to inform Species Management Plans. 
Additionally, microsatellite markers may be used to estimate founder relationships and assess 
genetic variability in breeding programs, rather than simple pedigree analysis, because strong 
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founder events generally decrease heterozygosity [225, 464, 465]. It might also be informative 
to perform a genome-wide association study comparing early-onset CKD felids and late-onset 
CKD felids of a given species, using appropriate cut-offs and the latest generation feline single 
nucleotide polymorphism microarray (SNP chip).  
This study has reconfirmed that certain unusual findings, such as the high lipid content of lion 
and tiger urine, are normal [446, 447]. It would be fascinating to determine histologically where 
in the urinary tract this lipid originated. Similarly, the high protein content of snow leopard 
(Uncia uncia) urine suggests that these felids, adapted to a solitary life in an arid and cold 
environment, may use protein components in urine for inter-individual communication and 
recognition instead of lipid-based pheromonal agents. This would be consistent with the 
findings presented in this thesis that a consistently high level of proteinuria was detected in 
snow leopards, without an increased risk of CKD. Other snow leopard-specific genetic 
determinants likely to be associated with adaptation to high altitude have been identified [464]. 
Further prospective investigations recruiting a larger number of snow leopards, within and 
outside Australia, or retrospective analysis of archived snow leopard urine samples to verify 
physiological proteinuria and identification by electrophoresis (SDS-PAGE) of the proteins 
present, might answer this intriguing question.  
As a whole, this thesis has added to our knowledge of the detection and description of CKD 
in non-domestic felids. In addition to the important findings of each study, this thesis has also 
already opened up important new directions for further research in non-domestic felids. Even 
prior to completion of this thesis, its custom-built Microsoft Access® database, containing fifty 
years of combined records from ten zoos, identified other significant trends in disease 
processes unrelated to CKD. It further allowed the generation of studies in entirely separate 
directions, including investigations of dental and periodontal disease and of gastrointestinal 
foreign bodies in non-domestic felids [466], and investigations into causes of lameness, 
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arthritis, and spondylosis in aged felids. Future studies will benefit from the database built for 
this study, which can now be maintained for ongoing use.  
Wildlife medicine and research is consistently plagued by the problem of small sample sizes, 
particularly of the more rare and valuable species such as Sumatran tiger and cheetah. It is 
relatively easy to find flaws in any retrospective study design, as outcomes are dependent on 
the available data and the data set is always ‘untidy’. There are few institutions in the world 
which can produce adequate sample sizes in effective time frames. Creating a larger data set 
by combining data from several institutions with similar standards of practice, and applying 
stringent inclusion and exclusion criteria in a stereotyped fashion, could go some way to 
circumventing this limitation. 
The main limitation of this thesis is that several studies presented in it were predominantly 
based on retrospective data. Nevertheless, in zoo medicine, retrospective studies are the most 
common form of disease investigation, as it is very difficult logistically to perform prospective 
studies of zoo felids. Specifically, in 2016 at the closure of the database underpinning this 
thesis, the presence of 130 living felids was recorded, representing 17 species. The largest 
set of living animals of one species was 51 lions, of ages ranging from 2 to 10 years, located 
in 10 different zoos, with the National Zoo and Aquarium having the largest holding of 9 lions. 
This illustrates the practical difficulties of conducting prospective research in non-domestic 
felids in Australian zoos and attaining a meaningful sample size, as these felids are located in 
widely geographically separated zoos, are at widely different life stages, and critically, that a 
single zoo’s internal management policies will often override any study requirements. It must 
always be remembered that non-domestic felids held in Australian zoos are subject to the 
highest standard of safety levels to ensure that staff are not harmed by these powerful 
predators (Figure 10.1). All these practical realities need to be considered when planning 
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studies involving non-domestic felids, and so samples which can be collected without human-
felid contact are ideal, as are samples collected opportunistically during other procedures.  
The findings presented in this thesis are targeted at assisting zoo veterinarians to detect CKD 
earlier and with more confidence, and also help with quality of life assessments for the difficult 
period at the end of an animal’s life. It will also be of interest to wildlife researchers around the 
world. Hopefully, the findings will also be of interest to small animal veterinarians and 
veterinary nephropathologists, which would be a curious reversal of the normal trend for 
knowledge of Felis catus to outstrip and lead knowledge of other Felidae. 
This thesis therefore makes a substantial contribution towards the description and 
understanding of CKD in non-domestic felids in Australia, and it also offers practical and 
demonstrably implementable suggestions for improvements in the detection and diagnosis of 
this oft hidden, yet pervasive, condition. 
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Figure 10.1 Photo opportunity with the white African lions at National Zoo and Aquarium, Canberra 
(N.B. This image is carefully cropped to hide the view of the thick glass plate between the author and the two lions.)
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APPENDIX 1  Lineages, sub-families and extant species of felids  
 Lineages Species Common name 
P
an
th
er
in
ae
 
1 
Panthera 
 
Panthera leo Lion 
Panthera pardus Leopard 
Panthera onca Jaguar 
Uncia uncia Snow leopard 
Panthera tigris Tiger 
Neofelis nebulosa Clouded leopard 
F
el
in
ae
 
2 
Caracal 
 
Caracal caracal Caracal 
Caracal aurata African golden cat 
Leptailurus serval Serval 
3 
Ocelot 
 
Leopardus pardalis Ocelot 
Leopardus wiedii Margay 
Leopardus jacobita Andean cat 
Leopardus guigna Kodkod 
Leopardus geoffroyi Geoffrey’s cat 
Leopardus tigrinus Northern tiger cat 
Leopardus colocolo Pampas cat 
Leopardus guttulus Southern tiger cat 
4 Lynx 
Lynx rufus Bobcat 
Lynx canadensis Northern lynx 
Lynx lynx Eurasian lynx 
Lynx pardinus Iberian lynx 
5 Bay Cat 
Catopuma badia Bay cat 
Catopuma temminckii Asian golden cat 
Pardofelis marmorata Marbled cat 
6 Puma 
Herpailurus yagouaroundi  Jaguarundi 
Puma concolor Puma 
Acinonyx jubatus Cheetah 
7 Leopard Cat 
Prionailurus rubiginosus Rusty spotted cat 
Prionailurus planiceps Flat-headed cat 
Prionailurus viverrinus Fishing cat 
Prionailurus bengalensis Leopard cat 
Otocolobus manul Pallas cat 
8 Domestic Cat 
Felis chaus Jungle cat 
Felis nigripes Black-footed cat 
Felis margarita Sand cat 
Felis bieti Chinese mountain cat  
Felis silvestris European wild cat 
Felis catus Domestic cat 
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APPENDIX 2  Species-specific reference intervals for plasma biochemistry and haematology variables  
Species Creatinine 
(µmol/L) 
Urea 
(mmol/L) 
Calcium 
(mmol/L) 
Phosphorus 
(mmol/L) 
Sodium 
(mmol/L) 
Potassium 
(mmol/L) 
Chloride 
(mmol/L) 
Bicarbonate 
(µmol/L) 
 
min max min max min max min max min max min max min max min max 
Tiger 55 370 5.7 18.3 2.17 2.97 1.19 3.04 143 159 3.5 5.3 110 128 9.8 20.9 
Snow Leopard 48 295 5.2 16.0 2.09 2.84 1.16 2.83 143 162 3.8 5.6 110 130 9.5 21.2 
Cheetah 90 334 8.3 20.8 2.28 3.25 1.17 3.42 144 165 3.7 6.0 112 131 12.4 23.9 
Fishing Cat 74 243 7.1 17.7 2.10 2.74 1.06 3.04 145 162 3.3 5.2 109 130 10.7 21.8 
Lion 57 352 6.9 20.2 2.16 2.91 1.27 2.88 142 161 3.7 5.4 109 127 10.2 21.1 
Serval 106 318 6.1 16.1 2.10 2.90 0.91 2.97 143 163 3.4 5.0 110 130 9.7 22.5 
Clouded Leopard 50 231 5.0 18.3 2.11 2.84 1.21 2.85 144 161 3.4 5.2 111 128 10.3 21.7 
Jaguar 53 301 2.2 15.0 2.05 2.95 0.91 2.33 143 159 3.2 4.8 111 131 10.4 19.2 
Asian golden cat 71 353 5.7 17.1 2.45 2.85 1.13 2.29 152 160 3.1 4.7 115 127 9.8 20.6 
Northern lynx 70 280 1.8 24.6 1.93 3.03 0.68 3.52 145 161 3.5 5.5 107 127 11.6 26.8 
Bobcat 71 283 3.6 19.3 2.10 2.80 0.84 2.65 144 160 3.3 5.7 110 130 8.4 23.6 
Caracal 80 256 6.1 14.6 2.05 2.75 0.74 2.68 148 164 3.3 4.9 115 131 11.4 22.6 
Cougar 44 362 2.1 20.7 2.23 2.93 0.68 2.62 143 163 3.2 5.2 112 128 11.0 22.2 
Leopard 62 345 5.7 18.3 2.15 2.85 1.10 2.39 144 160 3.1 4.7 109 129 9.4 20.2 
Leopard cat 27 239 2.5 19.6 1.68 2.78 0.48 3.71 146 158 3.2 5.2 105 133 10.4 22.7 
Ocelot 44 221 3.9 18.2 2.10 2.80 0.58 2.65 143 163 3.2 5.6 110 130 11.1 20.7 
Jaguarundi 97 239 6.1 13.2 2.23 2.73 1.16 2.07 145 169 3.1 4.7 113 129 10.3 21.6 
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APPENDIX 2 cont. Species-specific reference intervals for plasma biochemistry and haematology variables 
 
Species Cholesterol 
(mmol/L) 
Haematocrit 
(%) 
Haemoglobin 
(g/L) 
RBC count 
(x 1012/L) 
Total Protein 
(g/L) 
Albumin 
(g/L) 
Globulin 
(g/L) 
 
min min max max min max min max min max min max min max 
Tiger 3.6 10.3 25 52 82 166 4.5 8.9 53 83 25 44 20 51 
Snow Leopard 2.2 5.2 26 49 83 161 5.7 11.5 55 86 24 45 20 53 
Cheetah 3.0 8.2 26 52 88 167 5.0 9.2 50 79 25 45 20 47 
Fishing Cat 2.5 8.0 26 54 75 176 3.8 8.8 51 83 22 41 22 53 
Lion 2.3 6.9 28 52 90 165 5.5 10.4 56 87 22 41 22 59 
Serval 1.1 5.6 30 55 100 168 4.6 7.9 56 80 26 46 20 44 
Clouded Leopard 2.4 6.4 27 50 70 160 4.3 9.3 56 85 24 43 23 50 
Jaguar 3.3 9.5 23 46 72 164 4.5 10.0 61 85 26 42 23 55 
Asian golden cat 1.1 7.0 27 54 95 163 5.1 9.4 60 88 22 50 17 53 
Northern lynx 1.7 6.2 24 46 76 164 4.0 9.8 52 88 24 48 15 55 
Bobcat 1.6 5.3 25 49 82 158 4.0 9.8 56 84 20 48 23 51 
Caracal 1.2 4.2 28 53 91 167 7.3 13.0 54 78 24 44 20 44 
Cougar 2.5 7.1 25 50 88 164 5.4 10.8 59 87 25 49 21 53 
Leopard 1.7 7.4 27 49 91 159 5.5 11.1 61 85 27 43 25 53 
Leopard cat 2.5 5.7 27 58 79 151 4.5 9.9 54 82 24 36 25 53 
Ocelot 2.3 6.8 24 48 81 157 4.6 9.6 58 86 24 40 28 52 
Jaguarundi 3.0 7.5 31 49 103 171 4.2 9.0 62 74 27 47 19 43 
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APPENDIX 3  Changes over time of clinicopathologic variables associated with chronic kidney disease – serum creatinine and 
urea concentrations and urine specific gravity 
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APPENDIX 4 Serum biochemistry and haematology results from cubs excluded from analysis 
 Species 
U
re
a 
 
(m
m
o
l/L
) 
C
re
at
in
in
e 
 
(µ
m
o
l/L
) 
T
o
ta
l p
la
sm
a 
p
ro
te
in
 (
g
/L
) 
Serum protein 
status 
S
er
u
m
 a
lb
u
m
in
 
 (
g
/L
) 
G
lo
b
u
lin
s 
 (
g
/L
) 
Anaemic 
status  
(<25%) 
H
ae
m
at
o
cr
it
  
(%
) 
G
lu
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se
  
(m
m
o
l/L
) 
A
L
P
  
(U
/L
) 
A
L
T
 
 (
U
/L
) 
A
S
T
  
(U
/L
) 
C
h
o
le
st
er
o
l 
(m
m
o
l/L
) 
B
ili
ru
b
in
 
(m
m
o
l/L
) 
Serum/ 
plasma 
appearance 
Tiger 14.1 50 57 normal 34 23 anaemic 22 7.7 176 20 16 7.1 4   
Tiger 13.5 60 51 normal 26 25 anaemic 23 8.7 220 26 
 
      
Tiger 10.4 55 47 hypoproteinaemia 27 20 anaemic 22 6.7 124 74 19 4.1 2 clear 
Tiger 9.89 48 57 normal 29 28 anaemic 21 7.15 176 18 10       
Cougar 12.4 70 65 normal 30 35 normal 44 6.55 377 20   3.14 0   
Cougar 13.1 96 60 normal 29 32 normal 34 6.06 284 28   3.5 3   
Cougar 9 49 67 normal 33 34 normal 37 4.8 146 31   4.8 3   
Cougar 10.2 47 69 normal 36 33 normal 37 4.9 136 34   5.98 3   
Tiger 12.5 60 57 normal 33 24 normal 28 4.9 149 42 23 7.1 3 normal 
Lion 8.1 76 63 normal 39 24       129 44 29 5.1 2 lipaemic 
Tiger 8.1 70 67 normal 35 32 normal 36 5.9 133 99 41 7.3 2 haemolysed 
Tiger 9.75 58 60 normal 29 31 anaemic 24 7.29 148 9 25       
Snow leopard 8.8 54 60 normal 39 21 normal 35 8.9 137 42 13       
Snow leopard 9 61 62 normal 37 26 normal 36 7.32 89 51 7       
Snow leopard 11.8 90 53 hypoproteinaemia 25 28 normal 37 9.2 31 9 20 2.5 22 icteric 
Tiger 6.9 70 49 hypoproteinaemia 22 27 normal 48 8 117 34 24 5.7 0.6   
Tiger 11 50 62 normal 28 34 anaemic 19 7.4 174 59 18 3.9 1 clear 
Cheetah 15.9 94 59 normal 33 26 normal 42 8.7 165 117 84       
Lion 20.3 80 66 normal         4.7 180 88         
Cheetah 22.2 80 44 hypoproteinaemia 27 17 haemoconc’n 54 2.1 919 111 462   65 icteric 
Cheetah 6.7 61 33 hypoproteinaemia 21 12 normal 47 10 405 49 35   49   
Cheetah 3.5 40 32 hypoproteinaemia 15 17 normal 31 7.7 339 27 47     icteric 
Cheetah 6.3 40 32 hypoproteinaemia 17 15 normal 27 6.3 234 31 65     icteric 
Cheetah 5.5 50 37 hypoproteinaemia 18 19     6.4 248 30 31 2.9 15   
Cheetah 18.4 50 42 hypoproteinaemia 21 21 normal 27 5.8 155 33 31     normal 
Cheetah 5.5 50 37 hypoproteinaemia 18 19 anaemic 25 6.4 248 30 31       
Cheetah 14 56 40 hypoproteinaemia 23 17 normal 39 7.3 294 73 33   56   
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Cheetah 16.3 48 42 hypoproteinaemia 22 20 normal 31 10 238 61 35   41   
Tiger 19.7 68 67 normal 43 24 normal 31 7.1 92 65 28 6.2 1 clear 
Tiger 14.6 76 61 normal 39 22 normal 30 9.7 111 71 25 4.6 2 clear 
Tiger 10.5 95 63 normal 36 27 normal 27 10.1 33 39 27 5.4 1 clear 
Tiger 17.3 80 61 normal 35 26 normal 35 6.1 103 98 44 9.3 3 normal 
Snow leopard 7.7 52 59 normal 39 20 normal 38 7.45 131 48 11       
Snow leopard 9.3 67 60 normal 35 25 normal 35 8.06 92 43 8       
Tiger 11.2 56 59 normal 30 29 normal 29 6.6 176 34 28 10.4 3 normal 
Tiger 8.74 69 50 hypoproteinaemia 30 20       557 80 346       
Tiger 10.31 52 58 normal 30 28 normal 28   146 14 20       
Tiger 13.87 52 65 normal 29 36 normal 29 8 72 33 12       
Tiger 12.2 52 57 normal 34 23 anaemic 21 5.7 201 17 19 7 4   
Tiger 11.4 60 57 normal 33 24 anaemic 21 10.5 129 226   4.3 6   
Lion 7.1 40 44 hypoproteinaemia 23 21 normal 29 7.3 192 21 32 2.5 1.7   
Asian golden cat 9.5 90 64 normal 34 30 normal 46   296 34 17 5.4     
Cougar 11.3 49 70 normal 32 37 normal 47 6.44 162 27   2.9 25   
Cougar 12.9 80 66 normal 32 34 normal 35 5.7 273 27   4.4 6   
Cougar 9.9 39 69 normal 34 35 normal 38 5.8 196 36   5 2   
Tiger 9.3 57 60 normal 34 26 normal 26 5.5 176 13 34 5.6 6   
Lion 15.3 71 81 normal     normal 30 4.9 153 66         
Cheetah 7.1 59 32 hypoproteinaemia 22 10 haemoconc’n 53 5.9 370 46 54   17   
Cheetah 5.1 46 33 hypoproteinaemia 20 13 normal 48 10.3 463 50 59   5   
Cheetah 3.2 30 33 hypoproteinaemia 16 17 normal 43 6.1 233 41 172   31 icteric 
Cheetah 5.9 40 33 hypoproteinaemia 15 18     5.5 102 35 53   22 icteric 
Cheetah 15.8 40 43 hypoproteinaemia 19 24 normal 28 6.7 126 32 31 5.7 3   
Cheetah 18.6 45 44 hypoproteinaemia 22 22 normal 31 6.9 185 61 44       
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Tiger normal 4.8 normal 2.9 normal 2.55 normal 149 normal 113     
Tiger   
 
normal 2.76 normal 2.28     
  
    
Tiger normal 5.2 normal 2.56 normal 2.39 normal 150 normal 114 high 22 
Tiger         normal 2.89             
Cougar normal 5.04 hypercalcaemia 3.8 normal 1.56   149 normal 114     
Cougar hyperkalaemia 6.1 hypercalcaemia 3.2 normal 1.54   149 normal 115     
Cougar normal 5.24 normal 2.95 hyperphosphataemia 3.54   161 normal 119   
 
Cougar normal 5.4 hypercalcaemia 3 hyperphosphataemia 2.99   162 normal 122     
Tiger normal 4.9 normal 2.6 hyperphosphataemia 3.1 normal 149 normal 113 normal 15 
Lion normal 4.9 hypercalcaemia 3.27 normal 2.64 normal 150 normal 113 normal 15 
Tiger normal 4.5 normal 2.9 normal 2.8 normal 151 normal 114 normal 17 
Tiger         hyperphosphataemia 3.27             
Snow leopard         normal 2.74           
 
Snow leopard         hyperphosphataemia 3.02             
Snow leopard normal 3.9 normal 2.6 normal 2.6 normal 145 hypochloraemia 109 low 7 
Tiger normal 5.2 hypercalcaemia 3.1 normal 2.6 hyponatraemia 126 hypochloraemia 94 normal 14 
Tiger normal 4.8 normal 2.67 normal 2.42 normal 150 normal 115 normal 19 
Cheetah normal 5.7 normal 2.85 normal 3.42 normal 150 normal 116   
 
Cheetah hyperkalaemia 9 normal 2.7 hyperphosphataemia 4.2 hyponatraemia 144 hypochloraemia 104 normal 20 
Cheetah hyperkalaemia 6.6 normal 2.46 normal 3.07 hyponatraemia 137 hypochloraemia 97   
 
Cheetah hyperkalaemia 6 hypocalcaemia 2.2 normal 2.5 hyponatraemia 138 hypochloraemia 104 normal 21 
Cheetah hyperkalaemia 6.3 hypocalcaemia 2.1 normal 2.7 hyponatraemia 141 normal 112 normal 16 
Cheetah hyperkalaemia 6.8 normal 2.5 normal 2.8 hyponatraemia 142 normal 112 normal 18 
Cheetah hyperkalaemia 6.5 normal 2.6 normal 3.1 normal 156 normal 122 normal 16 
Cheetah hyperkalaemia 6.8 normal 2.5 normal 2.8 hyponatraemia 142   
 
normal 18 
Cheetah hyperkalaemia 7.5 normal 2.36 normal 2.85 normal 148 hypochloraemia 104     
Cheetah normal 5.4 normal 2.79 normal 3.14 normal 147 normal 112     
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Tiger normal 4.6 hypercalcaemia 3.3 hyperphosphataemia 3.07 normal 151 normal 115 normal 17 
Tiger normal 5.1 hypercalcaemia 3.15 hyperphosphataemia 3.41 normal 150 normal 117 normal 20 
Tiger normal 5 hypercalcaemia 3 normal 2.86 normal 151 normal 116 normal 18 
Tiger normal 4.4 normal 2.7 normal 2.6 normal 148 normal 110 normal 16 
Snow leopard         normal 2.5         
  
Snow leopard         hyperphosphataemia 2.94         
  
Tiger     normal 2.8 normal 2.86   
 
  
   
Tiger hyperkalaemia 7         hyponatraemia 139 normal 115 high 27 
Tiger     
 
  hyperphosphataemia 3.11         
 
  
Tiger         normal 2.78         
 
  
Tiger hyperkalaemia 6.5 normal 2.56 normal 2.69 normal 148 normal 114   
 
Tiger    -    -    -    -    - 
  
Lion normal 4.2 normal 2.7 normal 2.3 hyponatraemia 129 hypochloraemia 95 normal 16.5 
Asian golden cat hyperkalaemia 4.8 normal 2.85 normal 2.28 normal 157 normal 120 high 18 
Cougar hyperkalaemia 7 hypercalcaemia 3.2 normal 1.7   148 normal 112     
Cougar hyperkalaemia 5.9 hypercalcaemia 3.07 normal 1.8   148 normal 112     
Cougar normal 4.9 normal 2.84 hyperphosphataemia 3.1   161 normal 119     
Tiger     hypercalcaemia 3.01 normal 2.76             
Cheetah hyperkalaemia 7 normal 2.68 normal 2.91 hyponatraemia 143 hypochloraemia 103     
Cheetah hyperkalaemia 6.6 normal 2.45 normal 3.01 hyponatraemia 139 hypochloraemia 101     
Cheetah     hypocalcaemia 2.2 normal 2.4 hyponatraemia 143 hypochloraemia 105 high 24 
Cheetah hyperkalaemia 6.4 normal 2.3 normal 2.4 hyponatraemia 135 hypochloraemia 106 normal 19 
Cheetah normal 5.3 normal 2.6 normal 2.9 normal 156 normal 120 normal 18 
Cheetah hyperkalaemia 6.8 normal   hyperphosphataemia 3.54 normal 150 normal 116     
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